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High temperature measurements can be made with the 
F. & F. Optical Pyrometer by merely observing the heated 
object through the telescope, rotating the pointer as directed 
and reading the temperature directly on the scale of the instru- 
ment. Small or large objects can be observed with this py- 
rometer which never comes in contact with the heated object. 

13-875 F. & F. Optical Pyrometer, complete as illustrated, 
with Fahrenheit scale from 1,600 to 4,000 degrees. 

Each $175.00 


This instrument can also be had to read directly in degrees Centigrade. 





Filament too light. 


Filament too dark Correct—Tip disappears 


When a reading is being made the pointer is adjusted to the place at which 
a circular glass absorption wedge causes the tip of the filament to merge 
with the image of the object observed. 


FISHER SCIENTIFIC COMPANY 


711-723 Forbes Street Pittsburgh, Pa. 
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GRAPHITIZATION IN HIGH PURITY IRON-CARBON 
ALLOYS 


By Cyrit WELLS 


Abstract 


Graphite has been produced in high purity alloys of 
carbon contents between 0.13 and 2.98 per cent carbon. 
The behavior of these alloys due to the presence of graph- 
ite has been studied by dilatometric and microscopic meth- 
ods. Cementite has been shown to be unstable at tempera- 
tures below the eutectic temperature. The effect of rates 
of heating and cooling (2 degrees Cent. to % degree Cent. 
per minute) on superheating and undercooling in iron-car- 
bon alloys containing graphite has also been studied. An 
equilibrium iron-graphite diagram in the vicinity of the 
eutectoid is given, its accuracy is about + 5 degrees 
Cent. It has been shown that the rate of graphitization 
of the above alloys is greatly increased by the presence of 
graphite nuclet, and the rate of decomposition of carbide 
into graphite + austenite is considerably increased as the 
temperature is increased. It has been shown that a hyper- 
eutectoid specimen of a given mass containing only aus- 
tenite at a given temperature-may have different volumes 
depending upon whether the austenite obtained on heating 
recewed its carbon from graphite or from carbide. The 
author believes that this anomaly, which cannot be satis- 
factorily explained at present, may be associated with 
changes occurring in the alloy before equilibrium is 
reached and might be non-existent under equilibrium 
conditions. The mechanism of graphitization has been dis- 
cu ssed, and it has been shown that graphite may form di- 
rectly from austenite as well as from carbide. Graphite 
has been found in crystallographic planes in carbide 
masses. Evidence is presented which indicates that the 
carbide may change in composition during graphitization. 


INTRODUCTION 
HE subject of graphitization is a controversial one. The lack 
of precise and conclusive data, the use of impure iron-carbon 
alloys and of methods of investigation of low sensitivity, the failure 





*S. Epstein, “The Alloys of Iron and Carbon, I. Constitution,” McGraw-Hill Book 
Company, New York and London, 1936. A complete bibliography is given. A critical 
review of this subject is also given, pages 115-160. 


: ” fag eo presented before the Nineteenth Annual Convention of the Society 
held in Atlantic City, October 18 to 22, 1937. The author, Cyril Wells, is a 
member of the Metals Research Laboratory staff, Carnegie Institute of Tech- 
nology, Pittsburgh. Manuscript received July 2, 1937. 
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to give complete analytical data, omission of important details relat- 
ing to the methods of investigation used and to the heat treatments 
of the alloys are among the many reasons responsible for the widely 
varying results and conclusions given by previous investigators. The 
metastability of iron carbide between A, and solidus temperatures 
is still disputed,” ** as are also conclusions of different investiga- 
tors regarding the process of graphitization and of the mechanism 
involved when graphite forms in iron-carbon alloys.° Even the 
best iron-graphite equilibrium diagram that can be selected from 
those presented in the literature is regarded as being only approxi- 
mately correct. In fact, it has been stated in a recent publication’ 
that it is doubtful that graphite can be formed at all in pure iron- 
carbon alloys.. A systematic study of the influence of heating and 
cooling rates on the superheating and undercooling in high purity 
iron-carbon alloys containing graphite has never been made. It was 
the purpose in the present investigation to produce graphite in iron- 
carbon alloys of very high purity, accurately to determine the iron- 
graphite diagram in the region of the eutectoid transformation, to 
study the influence of heating and cooling (2 to % degree Cent. per 
minute) on the degree of superheating and undercooling of the al- 
loys, and to study the graphitization process, especially the causes of 
the changes of graphite distribution in alloys heat treated in various 
ways, and whether or not cementite is stable in the temperature range 
between eutectoid and eutectic temperatures. Such an investigation 
as this is of general metallurgical importance, and of more specific 
importance and interest as it relates to the behavior of cast and mal- 
leable irons. It may also be noted that highly precise determinations 
of transformation temperatures are of importance in the thermo- 
dynamic study of the iron-graphite system® and in the study of 
thermodynamic relationships existing between this and the iron-iron 
carbide system. 

Whether or not graphite can be formed directiy from the melt 





“Yap Chu-Phay, “The Free Energy, Entropy a Heat of Formation of Iron Carbide 
(FesC),” Transactions, Faraday Society, Vol. 28, 1932. 


8H. A. Schwartz, “‘The ae of tate” Transactions, American Society 
for Metals, Vol. 23, 1935, p. 126. 


4A. B. Kinzel and R. hy Moore, “Graphite in Low-carbon Steel,” Transactions, Ameti- 
can Institute of Mining and Metallurgical Engineers, Vol. 116, 1935, p. 318 

5Ref. 1. 

®Ref, 1. 

™Metals Handbook, American Society for Metals, 1936 edition, p. 257. 


8F. Kérber and W. Oclsen, “Thermodynamische Betrachtungen zu einigen Gleichge- 
wichtskurven des Zustandsschaubildes Eisen-Kohlenstoff.” Archiv fiir das Eisenhiittenwesen, 
Vol. 5, 1931, p. 569-578. 


1938 


of graph 
when cen 
and consi 
authors*® 
eutectic 1 
considera 
sible for 
during s 
above ab 
perhaps 1 
alloys. I 
graphite « 
alloy (ab 
0.03 per 
Cent. an 
though ni 
0.02 per ¢ 
in an iro 
low silico 
mentite, ; 
of gases 
author’s | 
authors w 
incorrect 
while Ho 
determini 
their dat: 
Honda u 
tures abo 


950, 1006 


against pe 





*Ref. 1, 


“K. Hor 
the Tohoku ] 


Yap Cl 
(Fe,C), } Tre 


mS. 
Metals, 1936 
3H. A. 
for Metals, \ 
4A. B. ] 


American In: 
Ref. 10 





1938 GRAPHITIZATION OF IRON-CARBON ALLOYS 291 


of graphitizable alloys or occurs only as a decomposition product 
when cementite decomposes has been the subject of much discussion, 
and considerable doubt still prevails. According to Honda and co- 
authors?® and Yap** cementite is thermodynamically stable from the 
eutectic temperature to a temperature (950 degrees Cent. or so) 
considerably below the solidus, so that according to them it is impos- 
sible for graphite to form either directly from an iron-carbon alloy 
during solidification or indirectly from cementite at temperatures 
above about 950 degrees Cent. Archer states’? it is difficult and 
perhaps impossible to produce graphite in strictly pure iron-carbon 
alloys. In conflict with this viewpoint, Schwartz** has shown that 
graphite can be formed in a relatively pure high-carbon iron-carbon 
alloy (about 5 per cent carbon and 0.07 per cent impurities of which 
0.03 per cent is silicon) at any temperature between 630 degrees 
Cent. and the eutectic temperature, and Kinzel and Moore,** al- 
though not using such a high purity alloy (0.49 per cent manganese, 
0.02 per cent silicon), have demonstrated that graphite can be formed 
in an iron-carbon alloy containing only 0.15 per cent carbon and a 
low silicon content. Honda believes that the decomposition of ce- 
mentite, as found by Schwartz and others, is due to the presence 
of gases or some other impurities in the alloys. It is the present 
author’s opinion, however, that the conclusion of Honda and co- 
authors with respect to the stability of cementite is more likely to be 
incorrect than that of Schwartz. The present author believes that 
while Honda’s thermodynamic method of attack on the problem of 
determining the temperature range of stability of cementite is sound, 
their data are questionable, because of too much extrapolation.’® 
Honda used equilibria data for a number of CO-CO, gas mix- 
tures above austenite using a number of temperatures (850, 900, 
_. P8CO 
<i ee 
against percentage of carbon). The curves according to these authors 


950, 1000). Isothermal curves were then plotted (K, 





"Ref. 1, p. 145-146. 


“K. Honda, K. Iwase, and K. Sano, “On the Stability of Cementite,” Science Reports of 
the Tohoku Imperial University, Series I, Vol. XXV, 1936, No. 2, p. 202-206. 


“Yap Chu-Phay, “The Free Energy Entropy and Heat of Formation of Iron Carbide 
(FesC),” Transactions, Faraday Society, No. 138, Vol. 28, Part 2, November 1932. 


*®R. S. Archer, “The Iron-carbon Diagram,”” Metats Hanpsoox, American Society for 
Metals, 1936 edition, p. 257. 


. 3H. A. Schwartz, “The Metastability of Cementite,”” Transactions, American Society 
tor Metals, Vol. 23, 1935, p. 126. 


4A, B. Kinzel and R. W. Moore, “Graphite in Low-carbon Steel,” Metals Technology, 
American Institute of Mining and Metallurgical Engineers, Sept. 1934. 


*Ref. 10, p. 204. 
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are straight lines. However, when extrapolated they do not pass 
through the origin, but cut the carbon per cent axis which can only 
mean that with zero CO concentration carbon still persists in the 
austenite, and this obviously is unreasonable. For these and other 
reasons the conclusions of Honda regarding the stability of cement- 
ite may be discounted. 

While many investigators using thermodynamic data in their 
studies have concluded that cementite is thermodynamically stable at 
temperatures considerably below the eutectic temperature (about 1150 
degrees Cent.), others*®* *°” have concluded from their thermody- 
namic studies that cementite remains metastable to above the eutectic 
temperature. The work of Schwartz, referred to above, confirms the 
predictions of the latter group. In the discussion of Schwartz's 
paper’®* Chipman, referring to eight researches involving thermody- 
namic studies, says that six of these show cementite to be metastable 
with respect to graphite and an iron phase at all temperatures. 

For the determination of the eutectoid temperature (gamma 2 
alpha + graphite) the thermal method of investigation has been 
mostly used.'® Rates of heating and cooling of specimens are usually 
not given, but in general it may be assumed they lie between 3 and 
15 degrees Cent. per minute. At the slowest rate used, the trans- 
formation temperature observed was undoubtedly considerably higher 
(8 to 10 degrees Cent.) than the equilibrium eutectoid temperature. 
None of the investigators observed the eutectoid temperatures in 
specimens heated and cooled at various controlled and constant rates, 
so that no attempt can be made to estimate the equilibrium eutectoid 
temperature by using extrapolation methods such as have been used 
in the determination of the metastable eutectoid temperature. In gen- 
eral the alloys used by previous investigators were quite impure (1 to 
3 per cent impurities, especially silicon). Ruer’’ and more recently 
Schwartz'® have used much purer alloys in their determination of the 
stable eutectoid temperature, and for this reason their results should 





138M. L. Becker, “‘Carburizing and Graphitizing Reactions Between Iron-Carbon Alloys, 
Carbon Monoxide and Carbon Dioxide,’’ Journal, Iron and Steel Institute, 1925, No. 2 
p. 239. 


156A. Bramley and H. D. Lord, “The Equilibria Between Mixtures of Carbon Monoxide 
and Carbon Dioxide at Various Pressures in Contact with Steels of Different Carbon Con- 
centration at 750-1150 Degrees Cent.,”’ Journal, Chemical Society, 1932, p. 1641. 


eRef. 13, p. 155. 
Ref. 1, p. 135. 


RK. Ruer, “Zur Kenntnis der Eisen-Kohlenstofflegierungen,” Z. anorg. allgem. Chem., 
Vol. 117, 1921, p. 249. 


8Ref. 3. 
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be more acceptable than those of other investigators. Ruer’s iron- 
carbon alloy was made from electrolytic iron and sugar charcoal; the 
alloy contained 3.85 per cent carbon and 0.025 per cent phosphorus. 
Manganese, silicon, and sulphur were not reported, but were probably 
low. Schwartz states that his alloy contained 5.08 per cent carbon, 
0.03 per cent silicon, and not more than 0.04 per cent of other im- 
purities. Ruer’s heating curves indicate thermal disturbances at 
734 and 746 degrees Cent. respectively, the lower one being as- 
sociated with the reaction alpha + carbide — gamma, and the 
higher one with the reaction alpha + graphite — gamma. The two 
thermal disturbances on cooling were not so easily observed as on 
heating, and Ruer was not so definite in his interpretation of his 
cooling curves. The heating and cooling rate used by Ruer was 6 
degrees Cent. per minute. At this rate of heating the metastable 
eutectoid temperature is raised about 10 degrees Cent.*® Assuming 
that the stable eutectoid transformation is similarly superheated, then 
the equilibrium stable eutectoid temperature is 736 degrees Cent. 
Schwartz completely graphitized his alloy before making a thermal 
analysis; therefore, on heating, only one thermal disturbance was 
observed. Within experimental error his results compare quite 
favorably with those of Ruer. 

Of the investigations made in order to determine the solubility 
of graphite in austenite, reference need be given to only three, since 
in the others either the alloys used were so impure as to render the 
results of doubtful value, or the results were inconsistent. Ruer 
and I[ljin*° used alloys containing 3.75 per cent carbon and about 
0.3 per cent of impurities, of which 0.21 per cent was manganese. 
To determine the solubility of graphite in austenite he heated his 
specimens containing graphite to desired temperatures, held for 6 
hours, and quenched in water, after which the specimens were an- 
alyzed for combined carbon which was assumed in solution at the 
quenching temperatures. Sohnchen and Piwowarsky”! and Gutow- 
sky** used a method similar to that of Ruer and Iljin. The alloys 
of Sohnchen and Piwowarsky contained 4.27 per cent carbon and 





< 


Technology, American Institute of Mining and Metallurgical Engineers, June 1937 


_ ™R. Ruer and N. Iljin, “Zur Kenntnis des stabilen Systems Eisen-Kohlenstoff,” Metal- 
‘urgie, Vol. 8, 1911, p. 97-101. 


a ay. Sohnchen and E. Piwowarsky, “Uber den Einfluss der Legierungselemente Nickel. 
pilizium. Aluminium, und Phosphor auf die Léslichkeit des Kohlenstoffs im flissigen und 
esten Eisen,” Archiv fiir das Eisenhiittenwesen, Vol. 5, 1931, p. 111-121. 


=N. Gutowsky, “Zur Theorie des Schmelz und Erstarrungsprozesses der Eisen-Kohlen- 
stoffegierungen,”” Metallurgie, Vol. 6, 1909, p. 737. 


*R. F. Mehl and Cyril Wells, “Constitution of High Purity Iron-Carbon Alloys,” Metals 
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about 0.1 per cent of impurities of which 0.05 per cent was manga- 
nese, and those of Gutowsky 0.57 to 4.94 per cent carbon and up 
to 0.25 per cent of impurities, of which 0.18 per cent was manga- 
nese. Of the results of these investigators, those of Ruer and Ijin 
seem to be the least accurate, and those of Gutowsky the most accu- 
rate. (Gutowsky used short times of heating at high temperatures to 
prevent decarburization, a good quenching technique, and he paid 
careful attention to thermometric requirements. The line drawn by 
Ruer and Iljin representing the solubility of graphite in austenite is 
considerably to the left of the Acm line of the iron-iron carbide dia- 
gram. It may be that their results suffer from the effect of decar- 
burization, especially at the higher temperatures. The line of 
Gutowsky is drawn just to the left of that A., line, and that of 
Sohnchen and Piwowarsky coincident with the A.m line, and within 
the limits of experimental error (as indicated by duplicate tests) the 
results of these investigators are in fair agreement. 

A review of the literature?* readily shows that there is a division 
of opinion as to whether or not the iron-graphite and iron-iron carbide 
diagrams should be represented as a double diagram. On the one 
hand, Honda** (who believes that cementite has a stable temperature 
range between 950 degrees Cent. and the solidus), also Sauveur?® and 
Hatfield**® are of the opinion that if graphite never forms directly 
from solution, lines relating to the iron-graphite system should never 
be included in the equilibrium iron-iron carbide diagram. On the 
other hand, numerous other investigators?” think that the stable 
and metastable equilibria relationships in iron-carbon alloys should 
be represented by a double diagram. It is the present author's 
opinion that whatever method of representation of equilibrium rela- 
tions between the phases is used, one must carefully differentiate 
between stable and metastable equilibrium. Each of these two sys- 
tems can be considered as, and only as, a two-component system, 
and one cannot logically combine them into one three-component 
system as seems to have been attempted by Hanson.”* 





Ref. 1, p. 145. 


%K. Honda, “On the Double Diagram of the Iron-carbon System,’’ TRANSACTIONS, 
American Society for Steel Treating, Vol. 16, 1929, p. 183-190. 


2A. Sauveur, “The Metallography and Heat Treatment of Iron and Steei.’’ Sauveur 
and Boylston, Cambridge, Mass., Second edition, 1916. 


*W. H. Hatfield, “Cast Iron in the Light of Research,” Charles Griffin & Company, 
Ltd., London, 1928. 


7Ref. 1, p. 146. 


%D. Hanson, “The Constitution of Silicon-carbon-iron Alloys and a New Theory of 
the Cast Irons,” Journal, Iron and Steel Institute, Vol. 116, 1927, p. 129-183. 
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If one accepts the conclusion of Schwartz®* that two kinds of 
solid solution may be formed when carbon dissolves in austenite, 
depending upon whether the solute comes from cementite or 
sraphite, then the drawing of a diagram to represent equilibria rela- 
tions in iron-carbon alloys becomes a difficult task; however, the data 
relating to this subject are both incomplete and inconclusive, and 
therefore will not be considered at this time. 


COMPOSITION OF THE ALLOYS 


All the alloys used in this investigation with the exception of 
one commercial alloy were of high purity. Spectroscopic and chem- 
ical analyses of the high purity iron used in the preparation of the 
iron-carbon alloys, 1 to 8, showed it to contain small amounts of 
the impurities listed in Table I. Subsequent spectroscopic and chem- 


Table I 

Chemical Analyses of Iron Used for Preparation of Iron-Carbon Alloys* 

-~Number of Iron—, --Number of Iron—, 

Impurity 1 3 ~Impurity 1 

Cu 0.0033 0.0012 Mo 0.002 0.005 
Ni 0.0054 0.0068 . 0.0012 0.0018 
S 0.00013 0.00005 P pebae < 0.005 
Si 0.002 0.002 Rec obs ie eal 0.002 
Oh cs ee < 0.001 Pee et Eee ae 0.003 
Mn < 0.004 < 0.004 He eee 0.0005 
Cr < 0.0005 < 0.0005 


*Spectroscopic analysis showed traces of Cu, Ni, Si, Sn, Mn, Cr, and Mo were present. 


ical analyses were made on a number of these alloys, prepared as 
described in a previous paper,*° to determine whether or not there 
was any pickup of impurities either during their preparation or in 
subsequent heat treatments. It was found that no pickup occurred 
except in the case where numerous dilatometric tests had been made 
and the specimens had been heated at high temperatures (900 to 1000 
degrees Cent.) for long times (50 hours or more), and then only 
copper from monel metal parts of the dilatometer was increased, 
and this to the extent of only 0.003 per cent. No increase of silicon 
or nickel or of other elements could be detected by either spectro- 
scopic or chemical methods. A more detailed description of the care 





meta ee A. Schwartz, H. R. Payne, A. F. Gorton, and M. M. Austin, “Conditions of 

on Equilibrium in Iron-carbon Alloys,” Transactions, American Institute of Mining and 
‘tallurgical Engineers, Vol. 68, 1923, p. 916. 

Ref. 19, 
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taken and the results obtained with regard to the occurrence of con- 
tamination during the preparation and testing of the author’s ma- 
terials is given in a previous publication.** The chemical analyses 
of the alloys used in the present investigation are given in Table II, 








Table Il 
Chemical Analyses of Iron-Carbon Alloys 





Chemical Analyses Per Cent 


Alloy 

No. Cc Cu Ni Si Mn Cr Mo S P 
Average 

1 O:334 @6.336 O338  ..6%% war wes op tie. ead wae Te ee Rare? SDEUR Oy cele 

2 Gaee. €200 Bae 0.006 C008. GOOZD nics | each se  eteds. + sheen e.. 

3 Gee ~~ Secaucus ee? seeks Sites a Sect weet abe wate 

4 0.540 0.546 0.543 OOS: KOs elas Ss cee 

5 Rie css acs 0.75 Cie at snuee esos ‘ T'.|  eneiesa”” > Sian eh a 

6 eee? ae | one. aaeeS ee, | ee tale Ek eae 3: Cee 

7 Ses ede EE owe = (cake Reet abe ibkaad® ees Cea. 

8 0.968 0.976 0.972D..... wee ee pe digit ae ta cabal Suteuies Pe on bs &* fae. 

gy ee. Soaks 2.98 0.028 <0.002 0.005 0.005 <0.0005<0.002 0.008 0.005 

10 0.15 net Hee. Bee e cakes 0.02 0.49 mek ee ee 0.023 0.015 


The iron-carbon alloys 1 to 8 inclusive are of exceptionally high purity and were made 
from the irons listed in Table I. It has been shown previously (Reference 19) that none 
of the elements listed were increased when these iron-carbon alloys were made. Alloy num- 
ber 9, made by melting together electrolytic iron and sugar charcoal, is less pure and contains 
0.028 per cent copper. Number 10 is a commercial alloy. D indicates samples for analysis 
were taken after the specimen had teen used in dilatometric tests. 


MetuHops USED 


It has been shown previously that by using a differential pre- 
cision dilatometer recently developed in the Metals Research Labo- 
ratory*” ** ** transformation temperatures have been measured with 
unusually high accuracy (+1 degree Cent.). This dilatometer has 
been used in the present investigation to determine the solubility of 
graphite in austenite formed from high purity iron-carbon alloys and 
in the study of the influence of rate of heating and cooling (2 to % 
degree Cent. per minute) on the temperature at which graphite is 
completely dissolved on heating and first precipitated on cooling. Its 
use for the determination of the transformation temperature of the 
eutectoid reaction alpha + graphite = gamma proved to be of lesser 
value, except for confirmation purposes, and the microscopic method 


Ref. 19, p. 6. 


#2C. Wells, R. A. Ackley, and R. F. Mehl, “A Dilatometric Study of the Alpha-gamma 
Transformation in High-purity Iron,” Transactions, American Society for Metals, Vol. 23, 
1935, p. 46. 


33R, A. Ackley and F. M. Walters, Jr., ““A Precision Recording Dilatometer,” Metals 
and Alloys, Vol. 7, 1936, p. 314. 


*Ref. 19. 





1938 


of studyi: 
to be a | 
experime 
over a CO 
as they o 
length wi 
differenti 
used in J 
ferred to 


DILA’ 


Ad 
precision 
tion have 

In t 
Ix Yi 
burizatior 
intervals. 
and tem] 
gradient © 
Cent. per 

The 
differenti 
(1 micro 
tained “w 
Cent. per 
rates gre 
minute tl 
the high 
thermome 
specimen 
Cent. wa: 
rents pas 
lect of th 


_— 


=F. M. 
Part IV. A 
can Society { 

*Ref. 35 

"Ref. 33 


*The pr 
cated by refe 





1938 GRAPHITIZATION OF IRON-CARBON ALLOYS 297 


of studying structural changes after prolonged heat treatments proved 
to be a highly satisfactory one to use for this purpose. In those 
experiments in which it was desired to observe dilatometric changes 
over a considerable range of temperature (25 to 1000 degrees Cent.) 
as they occurred and in which a measurement of the actual change of 
length with temperature was desired rather than a measurement of a 
differential change of length, a simple dial gage dilatometer*® was 


used in place of the precision recording differential dilatometer re- 
ferred to above. 


DILATOMETRIC AND DIFFERENTIAL DILATOMETRIC METHODS 


A detailed description of the dial gage dilatometer and of the 
precision recording differential dilatometer used in this investiga- 
fion have been given in earlier publications.*® * 

In the dial gage dilatometer, specimens 1 x 3% x %; inch or 
| x % inch diameter were heated in a vacuum to prevent decar- 
burization, and readings of the dial gage were taken at frequent 
intervals. Length changes can be read to within + 0.00005 inch, 
and temperature to within + 1 degree Cent. The temperature 
gradient in specimens heated and cooled at rates less than 2 degrees 
Cent. per minute was less than 1 degree Cent. ? 

The specimens 1 x 3% x % inch used in the precision recording 
differential dilatometer -were heated in a vacuum sufficiently high 
(1 micron ) to prevent decarburization. The dilatometric data ob- 
tained when the specimens were heated and cooled at 2 degrees 
Cent. per minute are accurate to within + 5 degrees Cent., at slower 
rates greater accuracy is obtained, and at % degree Cent. per 
minute the data are good to within + 2 degrees Cent. To obtain 
the highest possible accuracy, particular attention was paid to 
thermometry.* The temperature difference between the ends of the 
specimen was measured from time to time, and if above 0.5 degree 
Cent. was reduced by a proper adjustment of separate heating cur- 
rents passing through independent furnace heating elements. Neg- 
lect of this important precaution has led to the publication of many 


Pa +i M. Walters, Jr. and M. Gensamer, “Alloys of Iron, Manganese, and Carbon— 
r e 


. A Dilatometric Study of Iron-Manganese Binary Alloys,” Transactions, Ameri- 
can Society for Steel Treating, Vol. 19, 1932, p. 608. 


*Ref. 35. 
Ref. 33. 


“The precautions taken were the same as those described previously. See paper indi- 
cated by reference 32. 
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erroneous dilatometric data. The photographically recorded curves 
have an open scale; one inch represents an actual length change in 
the specimen of 0.002 inch and a temperature change of 30 degrees 
Cent. Constant rates of heating and cooling of % degree Cent., y, 
degree Cent., and 2 degrees Cent. per minute respectively were ob- 
tained by means of Telechron clocks attached to the furnace con- 
troller. Typical differential dilatometric heating and cooling curves 
are reproduced in Fig. 1 with 14 reduction, the 0.95 per cent carbon 





Fig. 1—Typical Differential Dilatation-Temperature Heating and Cooling Curves. 
Original Curves; Not Traced. Alloy 0.95 Per Cent Carbon. Rate of Heating and Cooling 
2 Degrees Cent. Per Minute. Alloy Contained no Graphite (Upper Curves) and Graphite 
(Lower Curves) Respectively. Reduced 14 in Reproducing for Printing. 


alloy containing no graphite (upper curves) and containing’ graph- 
ite (lower curves) was heated at 2 degrees Cent. per minute. The 
other differential dilatometric curves given in this paper are tracings 
of the original curves. Tracings were made in order that subse- 
quent reproductions could be made more easily. The lines (720 
and 780 degrees Cent.—Fig. 1) represent temperatures correct within 
+, degree Cent. Corrections were made for dimensional changes 
of the photographic paper which occur during developing, washing, 
and drying. 


Microscopic METHOD 


This method of study has been used for determining the tem- 
perature of the eutectoid transformation alpha ++ graphite — gamma, 
for observing graphite in graphitized alloys and for studying its dis- 
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tribution in them after they had received various heat treatments. 
For these purposes the method has proved to be of great value. 
Specimens were supported on chemically pure magnesia to avoid 
contamination and heated at a constant temperature + 1 degree Cent. 
in a vacuum (1 micron or so) to avoid decarburization. 

To determine the stable eutectoid temperature, graphitized al- 
loys were heated for long times (20 to 150 hours) at constant tem- 
peratures, separated by 5 degree Cent. intervals, after which they 
were either quenched or furnace cooled (6 degrees Cent. per minute) 
and subsequently examined under the microscope in order to deter- 
mine whether or not any graphite had been dissolved at the heat 
treating temperature. The highest temperature at which no evidence 
could be found of graphite being dissolved was assumed to be the 
temperature of the eutectoid reaction, alpha + graphite = gamma, 
under equilibrium conditions. This temperature may be slightly 
lower than the true equilibrium eutectoid temperature, but it is not 
likely to be in error by more than about 2 degrees Cent. 

The method described is a very sensitive one and may be used 
to obtain results of high accuracy if the heat treating temperatures 
are carefully controlled. A copy of a typical time-temperature 
record showing the accuracy of temperature control used in this 
investigation is given in Fig. 2, and a photomicrograph showing the 
appearance of a graphitized alloy subsequently heated just above the 
eutectoid temperature is given in Fig. 3. The advantage of this 
method is that only evidence of the beginning and not of the com- 
pleted reaction alpha + graphite — gamma is required in a test 
to show that the temperature used is above the equilibrium eutectoid 
temperature. This is a fortunate circumstance, because usually the 
smaller the degree of superheating or undercooling above or below 
a transformation respectively, the longer is the time required for 
that transformation to complete itself. 


RESULTS 
Factors Affecting the Accuracy of the Results 


In a previous publication** numerous results have been given 
to indicate what factors affect the accuracy of the dilatometric re- 
sults. The steps taken to eliminate sources of possible error have 





*Ref. 19. 
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also been pointed out, so that it is not necessary to consider them 
now in such detail. The results given in Fig. 5 show that the 
vacuum used was adequate to prevent decarburization, that the 
dilatometric results are reproducible, and that the alloy was homo- 


oun 





400 500 600 700 
TEMPERATURE T 


Fig. 2—Copy of Typical Time-Temperature Record Drawn 
by Temperature Recorder. Shows the Accuracy of Temperature 
Control Used in the Determination of the Temperature of the 
Alpha + Graphite = Gamma Reaction. 


geneous. This alloy containing 0.97 per cent carbon was cooled 
from about 1000 degrees Cent. and then heated in the precision 
recording differential dilatometer at 2 degrees Cent. per minute 
(curve B—Ac.m temperature 815 degrees Cent.). After this the 
specimen was heated to and cooled from 1000 degrees Cent. many 
times and was held at the high temperature for several hours during 
this time. Finally, the specimen was heated to 1000 degrees Cent., 
held at this temperature for 3% hours, then cooled and reheated at 
2 degrees Cent. per minute, during which time the dilatometric 
curves A were recorded, and the Ac.m temperature is shown to be 
818 degrees Cent. The same conclusion may be arrived at from a 
study of the curves B and D given in Fig. 10. An alloy (0.75 per 
cent carbon) previously containing graphite was cooled from and 
heated to 875 degrees Cent. (curves B) after which it was heated to 
900 degrees Cent., held at that temperature several hours (50 hours or 
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so) and cooled. Later the alloy was cooled from 900 degrees Cent. 
and reheated, and the dilatometric curves D were recorded. A com- 
parison between the curves B and D shows that, except for the fact 
that a little more graphite was formed in the latter test, the compo- 
sition of the alloy was not appreciably changed by the severe heat 





Fig. 3—Alloy 0.15 Per Cent Carbon. Heated at 735 Degrees Cent for 50 Hours, and 
Cooled at 6 Degrees Cent. Per Minute. Shows that Some Graphite Had Been Dissolved 
in Austenite. Etched with Nital.. x 2000. 

Fig. 4—Alloy 1 Per Cent Carbon. Showing Evidence of Nests of Graphite Sur- 
rounded by Ferrite Formed When the Alloy was Cooled from 1050 Degrees Cent. at 1 
Degree Per Minute. Etched with Nital. x 250. 


treatment. Since a loss of 0,01 per cent carbon changes the tempera- 
ture at which graphite is entirely dissolved by 4 degrees Cent. and the 
above results are accurate to + 2 degrees Cent., it is apparent that 
the loss of earbon between the first and final test was negligible. 


Graphite in High Purity Iron-Carbon Alloys 


During the preparation of high purity iron-carbon alloys by 
the gas carburization process previously described, it was found that 
in one isolated case graphite had been formed (Fig. 4). This was 
a surprising observation, since as far as could be determined the 
conditions of carburizing (100 hours at 1000 degrees Cent. in hydro- 
gen-hydrocarbon mixtures) and the rate of cooling (1 degree Cent. 
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per minute) were the same as in the previous and subsequent prep- 
aration of other alloys, some of which contained approximately the 
same amount of carbon. Attempts to duplicate the conditions which 
had led to the formation of graphite in the above alloy failed com- 
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DIFFERENTIAL DILATATION 


800 
TEMPERATURE °C 

Fig. 5—Differential Dilatation-Temperature 
Curves. Showing Reproducibility of Results, and 
that the Composition of the Alloy Had Not Changed 
During Tests. Alloy 0.97 Per Cent Carbon. 
Heating and Cooling Rate 2 Degrees Per Minute. 


pletely; however, it is evident that under certain circumstances 
graphite can be formed in iron-carbon alloys of very high purity. 
Apparently the conditions necessary for the formation of graphite 
nuclei are quite critical, and one can easily overlook them. Once 
such nuclei are formed in sufficient number and size, however, the 
rate of graphitizing is increased manyfold, as will be apparent from 
the discussion of the results. That the above alloy had not become 
contaminated was proved by chemical and spectroscopic analyses. 
A chemical analysis for silicon showed this element to be present 
only as a trace (0.004 per cent silicon + 0.002 per cent). 

Later, in dilatometric studies, it was observed that after cooling 
alloys containing between 0.7 and 1.0 per cent carbon a few times 
at sufficiently slow rates (4% degree Cent. per minute) from 850 de- 
grees Cent., graphite was formed. If the amount of graphite formed 
is sufficiently small, one may observe a double length anomaly in the 
dilatometric curve during heating, as is apparent from curves C and 
D (Fig. 6). The rate of heating was 2 degrees Cent. per minute 
and % degree Cent. per minute respectively, and the alloy contained 
0.97 per cent carbon. During the heating at 2 degrees Cent. per 
minute the temperature of the eutectoid reaction (alpha + carbide 
— gamma) occurs at 735 degrees Cent. (curve C), at a higher 
temperature (810 degrees Cent.) the Acem temperature js indi- 
cated, and at 860 degrees Cent. the graphite is completely dissolved. 
That graphite occurred in the alloy was confirmed by microscopic 
and chemical methods. First the alloy containing graphite was 
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heated at 900 degrees Cent. for % hour and quenched, after which 
no graphite could be definitely observed under the microscope; then 
the same alloy was heated at 900 degrees Cent. for % hour and 
cooled at 10 degrees Cent. per minute and subsequently found to 
contain considerable graphite. Another specimen which had received 
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700 


750 800 
TEMPERATURE C 

Fig. 6—Differential Dilatation- 
Temperature Curves. Shows the Ef- 
fect of the Presence of Graphite on 
the Dilatometric Behavior of the 
Alloys. Curves A and B, Heating 
and Cooling Rate 2 Degrees Per 
Minute; Curve C, Heating Rate 
2 Degrees Per Minute; Curve 
D, Heating Rate % Degree Per 
Minute. Alloy 0.97 Per Cent Car- 
bon Contained Graphite, and Alloy 
0.95 Per Cent Carbon Had No 


Graphite (Curves A), and Graphite 
(Curves B). 


a treatment similar to that in the dilatometer was treated with nitric 
acid (1.2 specific gravity) and found to contain an insoluble black 
residue of graphite. A similar interpretation of curve D (Fig. 6) 
may be given as for curve C, except in this case more graphite was 
previously formed in the alloy, so that the length change anomalies 
were more marked. When a considerable amount of graphite occurs 
in the hypereutectoid alloys, it may be impossible. to determine the 
ACem temperatures in them because of the simultaneous disappearance 
of carbide and graphite. One can determine, however, the tempera- 
ture at which graphite is completely dissolved in austenite on heating 
and begins to precipitate on cooling (curves B). Curves A are in- 
cluded for comparison with curves B to show the difference in dila- 
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tometric behavior between an alloy containing no graphite (curves 
A) and the same alloy containing graphite. One may observe that 
the Ac,, Acem, and Ar, temperatures are indicated, but not the Ar,,, 
temperature in the alloy (0.95 per cent carbon) containing no graph- 
ite, and in the alloy containing graphite (curves B), Ac, and Ar,, 
and the temperature (856 degrees Cent.) at which graphite is com- 
pletely dissolved on heating, and that (810 degrees Cent.) at which it 
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Fig. 7—Alloy 0.95 Per Cent Carbon. Cooled from 875 Devrees Cent. at 2 Degrees 
Per Minute. Shows Heterogeneity Developed When Graphite is Present. Etched 
with Nital. X 250. 

Fig. 8—Alloy 0.95 Per Cent Carbon. Cooled from 875 Degrees Cent. at 2 Degrees 
Per Minute. Shows Heterogeneity Developed When Graphite is Formed. Etched 
with Nital. x 2000. 


begins to be precipitated on cooling are indicated. The anomaly just 
above/the Ac, temperature on heating and below the Ar, temperature 
on cooling (curves A) has been previously explained as being due to 
the inevitable effect of the thermal arrest at these transformations, 
which affects the length change of the specimen relative to that of the 
comparison pieces in any differential dilatometer. The anomaly be- 
tween 734 and 760 degrees Cent. (heating curve B) is in part due to 
the effect of the thermal arrest above referred to, in part, to the 
heterogeneity unavoidably developed in these graphitized alloys (Figs. 
7 and 8), even when cooled at 2 degrees Cent. per minute, and pos- 
sibly in part to the fact that the eutectoid temperature of the reaction 
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1938 


alpha + graphite — gamma is higher than that of the alpha + carbide 
— gamma. In fact, the temperature 760 degrees Cent. may indicate 
that at this temperature the reaction alpha + graphite — gamma is 
completed at a rate of 2 degrees Cent. per minute. A comparison 
between curve A (cooling) and curve B (cooling) shows that when 
sraphite is absent the, Ar, temperature begins and ends at 707 degrees 
Cent., but this is not/so if graphite is present. The change of direc- 
tion of the dilatometric cooling curve B at 720 degrees Cent. may 
mean that the reaction gamma — alpha + graphite begins at this 
temperature. Such a disturbing influence would also account for the 
fact that the Ar, temperature indicated by the dilatometric cooling 
curve A is 7 degrees Cent. lower than that indicated by the curve B. 


Persistence of Graphite Once Formed 


The results show that once graphite has been formed in hyper- 
eutectoid high purity iron-carbon alloys, it persists for a consider- 
able time, even at temperatures considerably above Acem. An alloy, 
0.95 per cent carbon, which contained graphite, was heated to 
875 degrees Cent., cooled to 760 degrees Cent., and reheated to 
875 degrees Cent. Dilatometric results (curve A, Fig. 9) show 
that graphite was formed on cooling and redissolved on heating 
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Fig. 9—Differential Dilatation-Temperature 
Curves. Alloy 0.95 Per Cent Carbon. Heat- 
ing and Cooling Rates 2 Degrees Per Min- 
ute. Alloy Heated One Hour at 875 Degrees 
Cent. Before Cooling (Curves A), 3% Hours at 
1000 Degrees Cent. (Curves B), and 45 Hours 
at 1000 Degrees Cent. (Curves C). Shows 
Graphite Once Formed is Difficult to Prevent 
from Reforming on Cooling. 


during the above treatment. The alloy was next heated to 1000 
degrees Cent. (about 150 degrees Cent. above the temperature at 


which the graphite should be dissolved in the austenite) for 34 
hours in an attempt to prevent the formation of graphite during 
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cooling. Curves B show that evidence of the formation of graph- 
ite still persisted, and it was necessary to reheat to 1000 degrees 
Cent. for a much longer time before graphite could be prevented 
from forming on cooling. Curves C show that after 45 hours at 
1000 degrees Cent. no graphite reformed during cooling. Similar 
conclusions may be drawn from the evidence given in Fig. 10. This 
alloy, having approximately the eutectoid composition (0.75 per cent 
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Fig. 10—Differential Dilatation- 
Temperature Curves. fn 0.75 Per 
Cent Carbon. Rate of a and 
Cooling 2 Degrees Per inute. 
Alloy Heated to 875 Degrees Cent. 
(Curve A) and Cooled, Was Then 
Reheated to 875 Degrees Cent., Cooled 
and Reheated (Curves B), and Then 
Again Reheated to 890 Degrees Cent. 
and Held for 25 Hours Before Cooling 
to 740 Degrees Cent. and Reheating 
(Curve C). Finally the Alloy Was 
Cooled from 890 Degrees Cent. and 
Reheated (Curves D). Shows Graphite 
Once Formed is Difficult to Prevent 
from Reforming on Cooling. 


carbon), was heated at 2 degrees Cent. per minute to 875 degrees 
Cent., and the dilatometric curve (curve A) was recorded. Later 
graphite was formed in this alloy, and a dilatometric analysis was 
made/giving curves B. In an effort to inhibit the formation of 
graphite during a subsequent cooling, the alloy was heated at 890 
degrees Cent. for 25 hours, then cooled to 740 degrees Cent. and 
reheated to 890 degrees Cent. The dilatometric heating and cooling 
curves C seem to show that no graphite was formed between 890 
and 740 degrees Cent.; however, during the subsequent cooling 
graphite was again formed as is apparent from curves D and from 
the photomicrograph of Fig. 11. Before graphite was formed in 
this alloy it had a microstructure such as is shown in Fig. 12. In 
fact, a comparison of curves D with B indicate that as much graph- 








1938 


ite form 
through 
minute. 


Fig. 1 
Per Minu 
Formed D 

Fig. | 
degree Ce 








1938 GRAPHITIZATION OF IRON-CARBON ALLOYS 307 


ite formed in test D as B. The heating and cooling rate used 
throughout in tests A to D (Fig. 10) was 2 degrees Cent. per 
minute. 


ae . Z 
Wit W &-_»' 


Fig. 11—Alloy 0.75 Per Cent Carbon. Cooled from 890 Degrees Cent. at 2 Degrees 
Per Minute. Shows Evidence of Graphite and of Surrounding Masses of Ferrite 
Formed During the Cooling. Etched with Nital. x 2000. 

Fig. 12—Alloy 0.75 Per Cent Carbon. Cooled from 1000 Degrees Cent. and at 1 
degree Cent. Per Minute. Shows Pearlite. Etched with Nital. X 2000. 
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Fig. 13—Illustrates the Method of Extrapolation Used 
to Determine the Equilibrium Temperature for the Reaction 
Alpha + Graphite = Gamma. Also Shows the Influence ot 
Rate on the Transformation. 
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EFrrect OF RATE ON EUTECTOID AND SOLUBILITY OF GRAPHIT; 
IN AUSTENITE 





Results showing the influence of rate of heating and cooling 
(2 to % degree Cent. per minute) on the temperature of the 
eutectoid reaction alpha + graphite = gamma in high purity iron- 
carbon alloys are not entirely satisfactory, because of the influence 
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TEMPERATURE C 
Fig. 14—Dilatation-Temperature Curves. Alloy 0.15 Per 
Cent Carbon, 0.49 Per Cent Manganese. Heating and Cooling 
Rate 2 Degrees Per Minute. Alloy Completely Graphitized 
(Curves A and C), Partially Graphitized (Curve B), and 
Completely Ungraphitized (Dotted Curve C and Curves D). 
Shows Influence of Graphite on the Dilatometric Behavior of 
Hypoeutectoid Iron-Carbon Alloys. 
of the overlapping of the eutectoid reaction alpha + carbide = 
gamma with the above. However, by using the results obtained in 
a study of a commercial low carbon completely graphitized alloy to- 
gether with those obtained in a study of a high carbon graphitized 
alloy it has been possible to determine approximately the influence 
of rate on the above mentioned eutectoid reaction. These results 
are given in Fig. 13 (curves B). The temperatures of the eutectoid 
reaction alpha + graphite — gamma are given for a commercial alloy 
previously completely graphitized and containing 0.15 per cent car- 
bon, 0.49 per cent manganese, and small quantities of other imputi- 
ties, and the temperatures of the reaction gamma — alpha + graphite 


are given for a high purity iron-carbon alloy containing 2.98 per cent 
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carbon. The transformation occurs in the commercial alloy at 748 
degrees Cent. when heated at 2 degrees Cent. per minute and at 
740 degrees Cent. when heated at % degree Cent. per minute. In 
the high purity iron-carbon alloy it occurs at 724 degrees Cent. when 
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TEMPERATURE °C 
Fig. 15—Dilatation-Temperature 

Curves. Alloy 2.98 Per Cent Carbon. 
Heating and™~-Cooling Rates 2 De- 
grees Cent. Per Minute (Curves 
A) and % Degree Cent. Per Minute 
(Curves B). Shows the Influence of 
Rate on the Eutectoid Ac and Ar 
Temperatures of Transformation in 
Alloys Containing Originally Ferrite, 
Cementite, and Graphite. 


cooled at 2 degrees Cent. per minute and at 729 degrees Cent. when 
cooled at % degree Cent. per minute. The dilatometric curves from 
which these data are taken are given in Figs. 14 (curve A) and 15 
(cooling curve A-—2 degrees Cent. per minute—and curve B—™% 
degree Cent. per minute). It will be observed that in each case the 
temperature at the beginning of the transformation has been used. 
The temperature spread of 8 degrees Cent. at the transformation in 
the commercial completely graphitized alloy (Fig. 14, curve A) is not 
due to a temperature gradient in the specimen, as proved by direct 
measurement and by the fact that when the graphite is destroyed and 
the normal Ac, occurs (curves C and D) this transformation starts 
and finishes within 1 or 2 degrees Cent. when the rate is 2 degrees 
Cent. per minute. This is also confirmed by the result of a study of 
the 2.98 per cent carbon alloy (see curves A, Fig. 16). The 8 de- 
gree Cent. spread is probably due to the fact that the heat absorbed 
when the eutectoid reaction alpha + graphite — gamma occurs is 
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too small to retain a constant temperature in the specimen. On 
cooling, the above reaction also takes place over a range and no 
doubt overlaps the Ar, eutectoid reaction. The approximate tem- 
peratures of the end of the eutectoid reaction alpha + graphite > 
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Fig. 16—Dilatation-Temperature Curves. Alloy 
2.98 Per Cent Carbon. Heating and Cooling Rate 
2 Degrees Per Minute. Temperature Constant at 
694 Degrees Cent. for 14 Hours (Curve C). Shows 
the Effect of Graphite on the Temperature of the 
Eutectoid Reactions in Alloys Containing Pre- 
viously, Ferrite, Cementite, and Graphite. Also 
Shows an Expansion Occurs When the Alloys 
Graphitize (Curve C). 





gamma in the 2.98 per cent carbon alloy heated at rates of 2 degrees 
Cent. and % degree Cent. per minute respectively have been deter- 
mined, as well as the temperatures of the beginning of the reaction 
gamma — alpha -++ graphite on cooling. These dilatometric curves 
are shown in Fig. 15 (curves A—2 degrees Cent. per minute—and 
B—¥ degree Cent. per minute), and the results are plotted in Fig. 
13 (curves A). One might think that the data used in the plotting 
of the upper curves A and B are not very accurate because of the 
fact that in one case an alloy containing 0.49 per cent manganese 
was used, and in the other the temperature of the end rather than 
the beginning of the eutectoid transformation was used; however, 
one may note that the temperature represented by the intersection 
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of the curves (A and B, Fig. 13) is close to the equilibrium tem- 
perature (738 degrees Cent. + 3 degrees Cent.) of the eutectoid 
reaction involving graphite, as determined by the microscopic method. 
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Fig. 17—Differential Dila- 
tation-Temperature Curves. 
Alloys with 0.95 Per Cent Car- 
bon. Rates of Heating and 
Cooling Used Were 2 Degrees 
Per Minute (Curves A), 
% Degree Per Minute (Curves 
B), and % #£Degree' Per 
Minute (Curves C). Show 
Effect of Rate of Heating 
and Cooling on the Temperature 
of Complete Solution and of 
First ope of Graphite 
in Iron-Carbon Alloys. 


DIFFERENTIAL DILATATION 
pe 


It is probable that the slope of the upper curve (curves B) show- 
ing the influence of heating rate on the eutectoid temperature is 
rather accurate, but a correction of 6 or 8 degrees Cent.’ should be 
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Fig. 18—Illustrates Method of Extrapolation Used to 
Determine the Equilibrium Temperature of Complete Solu- 
tion of Graphite in Austenite. Also Shows the Influence of 
Rate on the Transformation. 


added to each datum and the curve accordingly raised, because 
manganese (0.49 per cent) lowers the eutectoid temperature by 
about this amount, as is apparent from the results of microscopic 
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studies to be discussed shortly. If the above curve is raised the 
amount suggested, the intersection of the curves (curves B) would 
occur at 741 degrees Cent. instead of 738 degrees Cent. In the 
case of the upper curve A (Fig. 13) the slope is probably rather too 
steep with respect to the rate axis, because as the rate of heating of 
the 2.98 per cent carbon alloy is decreased, the temperature range 
between the beginning and end of the eutectoid transformation re- 
ferred to above is correspondingly decreased. If we were to decrease 
the slope of the above-mentioned upper curve A to agree with that 
of upper curve B, the intersection of the two lines A would be 
raised slightly, but it is unlikely that it would be raised by more 
than 2 or 3 degrees Cent., and one may conclude that the tempera- 
ture of the reaction'alpha + graphite < gamma under equilibrium 
conditions is close to that indicated by the intersection of the curves 
in Fig. 13 (curves A). 

The effect of heating and cooling rate (2 to % degree Cent. 
per minute) on the temperature at which graphite is completely dis- 
solved in gamma iron during heating and at which it is first precipi- 
tated on cooling has also been determined. The results are given in 
Figs. 17 and 18. Before cooling the alloys (0.95 and 0.97 per cent 
carbon) they were heated to and maintained at 875 degrees Cent. for 
1 or more hours in order to be sure that a homogeneous austenite was 
developed and that the state of the alloys should be the same prior 
to the cooling at any of the prescribed rates. The necessity for tak- 
ing this precaution has been discussed previously.*® As previously 
determined, the austenite developed in these alloys after the above 
treatment was quite homogeneous and the grain size was of the 
order of 10 to 20 grains per square millimeter. In order to restrict 
the size of the graphite masses the cooling should not be allowed to 
proceed too far below the temperature at which graphite begins to 
be precipitated, especially at the slowest rate. If large graphite 
masses are formed they may dissolve so slowly as to make it im- 
possible to determine dilatometrically the temperature at which 
graphite is completely dissolved on heating. That graphite may 
persist in iron-carbon alloys at temperatures considerably higher 
than those at which it should theoretically be in solution is apparent 
from the results of microscopic studies to be discussed shortly 
(Fig. 36). It is only by taking such precautions as these that re- 
producible results can be obtained and the effect of rate on the 
Ref. 19, p. 16. 















































































































































1938 


tempet 
studiec 

A 
crease 
compl 


19 


E 
Degre 
with 

t 
and | 
Auste 


to & 


rate 


olate 
pera 
alloy 
tem: 
are 

exti 


1938 GRAPHITIZATION OF IRON-CARBON ALLOYS 313 


temperature of complete solution of graphite in austenite accurately 
studied. 

As the rate of heating of a 0.95 per cent carbon alloy was de- 
creased from 2 to %& degree Cent. per minute the temperature of 
complete solution of graphite in austenite was decreased from 856 


Fig. 19—Alloy 0.15 \Per Cent Carbon, 0.49 Per Cent Manganese. Heated at 730 
Degrees for 50 Hours, Cooled at 6 Degrees Per Minute. Shows Graphite. Etched Lightly 
with Nital. xX 2000. 

Fig. 20—Alloy 0.15 Per Cent Carbon. Heated at 734 Degrees Cent. for 50 Hours 
and Cooled at 6 Degrees Per Minute. Shows That Graphite Had Been Dissolved in 
Austenite. Etched with Nital. x 2000. 


to 845 degrees Cent. (Fig. 17—curves A, B, and C), and as the 
rate of cooling was similarly decreased the temperature at which 
graphite was first precipitated was increased from 810 to 828 de- 
grees Cent. These results are plotted in Fig. 18 (curves A), as are 
also the results obtained using a 0.97 per cent carbon alloy (curves 
B). Lines were then drawn through the plotted data and extrap- 
olated, the points of intersection representing the equilibrium tem- 
peratures for the complete solution of graphite in austenite for the 
alloys used. Obviously, the true effect of rate on the Ac and Ar 
temperatures referred to should be represented by curves such as 
are shown by dotted lines in the figure; however, the method of 
extrapolation of straight lines to a point of intersection has proved 
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quite satisfactory in determining equilibrium data, and is as good 
as or better than any previously used, as is apparent from the dis- 
cussion in a previous paper.*° 


THe IRON-GRAPHITE DIAGRAM IN THE EUTECTOID REGION 


The temperatures of the complete solubility of graphite in al- 
loys containing 0.95 to 0.97 per cent carbon respectively have been 
determined dilatometrically in the manner above described and found 
to be close to 840 degrees Cent. in both alloys. Although more data 
were obtained using the lower rather than the higher carbon alloy, 
the composition of the high carbon content alloy is more precisely 
known. For these reasons, the temperature of the solubility of 
graphite in austenite under equilibrium conditions is taken to be 
840 degrees Cent. when the alloy contains 0.96 per cent carbon, 
These results are believed to be accurate to + 5 degrees Cent. or 
0.01 per cent carbon. 

The temperature of the reaction alpha + graphite = gamma 
under equilibrium conditions has been determined by a microscopic 
method previously described. A microscopic examination of a 
specimen of a high carbon alloy (2.98 per cent carbon) containing 
alpha ++ graphite phases and which had been heated at 742 degrees 
Cent. for 50 hours and cooled at 6 degrees Cent. per minute showed 
it to contain a small amount of a constituent (which looks like 
troostite) in the vicinity of the large graphite masses. After heating 
a specimen of the same alloy for 20 hours and later for 150 hours 
at 738 degrees Cent., cooling, and subsequently examining it under 
the microscope, no evidence of a eutectoid reaction having occurred 
at 738 degrees Cent. could be observed. From these observations 
it was concluded that the equilibrium reaction alpha + graphite @ 
gamma occurs at 738 degrees Cent. + 3 degrees Cent. These re- 
sults have been confirmed by other methods as will be evident when 
other results have been given and discussed. 

A specimen of a completely graphitized alloy containing 0.15 
per cent carbon and 0.49 per cent manganese, after being heated at 
730 degrees Cent. for 50 hours and subsequently cooled at 6 degrees 
Cent. per minute, showed no evidence of the eutectoid reaction hav- 
ing occurred (Fig. 19), but after a similar treatment at 734 degrees 
Cent. evidence of that reaction having taken place was found (Fig. 
" @Ref. 19, p. 29. 
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20). A comparison of these results with those given above for high 
purity alloys indicates that the impurities (mostly manganese) in 
the commercial alloy lower the temperature of the eutectoid reac- 
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Fig. 21—Dilatation-Temperature Curves. Alloy with 2.98 Per Cent Carbon. 
Heating and Cooling Rates 2 Degrees Per Minute. Alloy Completely Graphitized, 
Except for Traces of Carbide Not Decomposed, Then Heated to 800 Degrees Cent. 
(Curve A). Then (1) Alloy Cooled, Heated to 710 Degrees Cent. and Cooled 
(Curve B). (2) Alloy Heated to 925 Degrees Cent., Cooled and Heated to 1000 
Degrees Cent. (Curve C). (3) Alloy Cooled, Heated to 1000 Degrees Cent., and 
Cooled (Curves D and E). (4) Alloy Cooled from 1050 Degrees Cent. (Curve F, 
Dashed Line) and Heated (Curve F). Ungraphitized Alloy Heated to 850 Degrees 
Cent. and Cooled (Curve G). Curve H—Dilatation-Temperature Curve for High 
Purity Iron. Shows Influence of Graphite on the Dilatometric Behavior of High 
Carbon Iron-Carbon Alloys. 
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tion alpha + graphite <= gamma by about 8 degrees Cent. This 
eutectoid temperature in the commercial alloy is apparently 730 de- 
grees Cent. + 3 degrees Cent. The presence of 0.49 per cent 
manganese also lowers the eutectoid reaction alpha + carbide = 
gamma by about 8 degrees Cent., so it may be concluded that man- 
ganese has a similar effect on both the stable and metastable eutectoid 
temperatures. 

The equilibrium iron-graphite diagram in the vicinity of the 
eutectoid has been drawn on a basis of the above results and is given 
in Fig. 49. A discussion of this will be given shortly. 


INFLUENCE OF GRAPHITE ON LENGTH CHANGES WITH 
TEMPERATURE 


It has already been pointed out that the eutectoid reaction alpha 
+ graphite — gamma occurs at a slightly higher temperature than 
that of the reaction alpha + carbide — gamma; therefore, one would 
expect that if graphite, carbide, and ferrite are present in an iron- 
carbon alloy the above two eutectoid reactions may proceed simul- 
taneously and therefore considerably change. the appearance of dila- 
tometric curves in the vicinity of these transformations. The dila- 
tometric changes which occur when the above conditions prevail 
have been observed, and the results are given in Fig. 16. The rate 
of heating and cooling was 2 degrees Cent. per minute in all these 
tests. When no graphite was present in the high carbon alloy (2.98 
per cent carbon) the Ac, and Ar, occurred between temperatures of 
734 to 737 degrees Cent. and 721 to 715 degrees Cent. respectively, 
and the usual contraction on heating and expansion on cooling asso- 
ciated with these transformations were observed (curves A). When 
the ‘same alloy which contained ferrite, more than 95 per cent of its 
carbon as graphite, and a small amount of carbide, was heated, the 
two eutectoid reactions occurred simultaneously, the normal eutectoid 
transformation starting at 732 degrees Cent. and the alpha + graph- 
ite —> gamma ending probably at about 760 degrees Cent. (heating 
curve B). The amount of expansion with temperature was de- 
creased over the entire transformation range (732 to 760 degrees 
Cent.). In this case there was no sudden contraction at a constant 
temperature as in the alloy containing no graphite. Similar dila- 
tometric results were observed during cooling, due to the overlapping 
of the two eutectoid transformations, as is apparent from Fig. 16 
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(cooling curves B and D). After heating to 800 degrees Cent. 
(curves B), cooling to 640 degrees Cent., and heating to 694 de- 
grees Cent. (curve C), the temperature was held constant for 14 
hours, during which time some of the carbide, previously formed 
on cooling, was transformed to graphite with the result that the 
dilatometric heating curve B is similar to the heating curve C above 
694 degrees Cent. However, when the alloy was heated to 800 degrees 
Cent., cooled to about 650 degrees Cent., and reheated (heating curve 
D) without maintaining a constant temperature for several hours be- 
low the Ar,, the carbide formed during cooling was not retransformed 
to graphite with the result that the contraction which occurs at the Ac, 
on heating is more marked (compare heating curve D with heating 
curves B and C). The beginning of the eutectoid reaction alpha + 
graphite — gamma occurs at a temperature probably slightly higher 
than 748 degrees Cent., as is apparent from the results previously 
given (see heating curve B, Fig. 13 and curve A, Fig. 14). 

Dilatometric results are also given (Fig. 21) to show the influ- 
ence of graphite in a high carbon alloy (2.98 per cent carbon) on 
the length change with temperature for a temperature range of 25 
to 1000 degrees Cent. 

Curve G shows the dilatometric behavior of the alloy heated 
and cooled at 2 degrees Cent. per minute when no graphite was 
present, and curve H shows that of a high purity iron.*! 

After 95 per cent or more of the carbide in the alloy had been 
transformed to graphite by a treatment to be referred to later, tests 
A to F were made. The rate of heating and cooling was 2 degrees 
Cent. per minute, except at 919 degrees Cent. (curves D'and E) 
where the temperature was maintained constant for 18 hours during 
heating and for 2% hours during cooling, and at 1000 degrees Cent. 
where it was held for 18 hours (curves C and E). In test A the 
graphitized alloy was heated to 800 degrees Cent., and the results 
given in curve A were obtained. After ‘cooling to room tempera- 
ture and reheating to 710 degrees Cent. and re-cooling to room 
temperature, it was observed that an unusually sudden change of 
thermal expansion occurred on both heating and cooling (curves 
B), and that this change was reversible. The alloy was then heated 
to successively higher and higher temperatures (and cooled between 
heatings). It was heated to 925 degrees Cent., after which test 


“J. B. Austin, “The Linear Thermal Expansion and a-y Transformation Temperature 
(As Point) of Pure Iron,” Transactions, American Society for Metals, Vol. 22, 1934, 
p. 447. This curve was plotted from data taken from this paper. 
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Fig. 22—Alloy 2.98 Per Cent Carbon. Cooled from About 1600 Degrees Cent. at 
10 to 20 Degrees Per Minute. Shows Appearance of Microstructure Before Alloy was 
Graphitized. Etched with Sodium Picrate. x 58. 

Fig. 23—Alloy 2.98 Per Cent Carbon. Heated at 1120 Degrees Cent, for 200 Hours 
in a Vacuum and Cooled to Room Temperature in a Few Minutes. Shows Graphite 
Was Formed. Etched with Sodium Picrate. x 5. 

Fig. 24—Alloy 2.98 Per Cent Carbon. Heated at 1125 + 10 Degrees Cent. for 150 
Hours in Hydrogen-Hydrocarbon Gases, and Cooled at 1 Degree Per Minute. Shows 
Considerable Graphite Was Formed. Unetched. x 50. 

Fig. 25—Alloy 2.98 Per Cent Carbon. Heated at 1050 Degrees Cent. for 100 Hours 
in a Vacuum, Then Quenched. Shows Graphite Was Formed. Unetched. x 50. 
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C was made, then to 1000 degrees Cent. and tests E and D were 
made, and finally to 1050 degrees Cent. after which tests F (heat- 
ing—full line; cooling—dotted line) were made. It is appar- 
ent from the results (curves B to F) that as higher and higher tem- 
peratures were used (i.e., after more and more graphite had been 
dissolved and converted to carbide on cooling), the higher was the 
temperature region in which the coefficient of expansion suddenly 
changed. The change occurred at 470 degrees Cent. in test B, 540 
in test C, 590 in test E, and above the Ac, temperature in tests F. 


RESULTs OF Microscopic STUDIES 


From the results of dilatometric studies already given, it is 
evident that graphite can be formed in high purity iron-carbon al- 
loys, which supports the belief that cementite in iron-carbon alloys 
is a metastable phase at least over a limited range of temperature. 
The microscopic results confirm the dilatometric results and indicate 
that cementite is metastable in iron-carbon alloys from below the 
eutectoid temperature up to above the eutectic temperature. 

A specimen of a 2.98 per cent carbon alloy containing only 
cementite and alpha solid solution (Fig. 22) was heated in a vacuum 
(1 micron) to 1120 + 10 degrees Cent. (i.e., only about 15 degrees 
Cent. below the solidus) at a rate of faster than 10 degrees Cent. per 
minute, maintained at that temperature for 200 hours, and then 
cooled to room temperature in a few minutes. This treatment resulted 
in a considerable amount of graphite being formed (Fig. 23). Heat- 
ing the specimen to 1120 degrees Cent. at a rate of 10 degrees Cent. 
per minute and immediately cooling to room temperature at a faster 
rate does not cause sufficient graphite to be formed to be subsequently 
observable under the microscope. This was shown by the results 
obtained in a separate experiment; therefore, it was concluded that 
practically all the graphite formed at that temperature and not at a 
lower one. Next a specimen of the same alloy containing only carbide 
and ferrite was heated to 1125 + 10 degrees Cent. for 150 hours in 
carburizing gases* and cooled at 1 degree Cent. per minute, and again 
graphite was found in the specimen (Fig. 24).. During the above 
heat treatment the specimen became somewhat ellipsoidal in shape, 
which indicates it had been heated very close to, if not above, the 


*Hydrogen-dipentene-benzene mixtures containing sufficient hydrocarbons to prevent 
decarburization were the carburizing gases used. 
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Fig. 26—Alloy 2.98 Per Cent Carbon. Heated at 1050 Degrees Cent. for 100 Hours 
in a Vacuum, Then Quenched. Shows Graphite Was Formed, and That No Evidence of 
Decarburization Was Observed Close to Edge. Etched With Sodium Picrate. Xx 50. 

Fig. 27—Alloy 2.98 Per Cent Carbon. Heated in Vacuum (1 Micron) at 1050 
Degrees Cent. for 72 Hours, at 950 Degrees Cent., and 850 Degrees Cent. Each for 24 
Hours, at 750 Degrees Cent. for 48 Hours and at 675 Degrees Cent. for 96 Hours 
Shows the Alloy Was Completely Graphitized Except for Traces of Carbide Mostly Close 
to the Surface (May Be Due to Oxygen). Etched Lightly with Nital. x 5. 

Fig. 28—Alloy 2.98 Per Cent Carbon. Same Treatment as Given in Fig. 27. 
Shows the Alloy Was Completely Graphitized. Etched Lightly with Nital. x 50. 

Fig. 29—Alloy 2.98 Per Cent Carbon. Same Treatment as Given in Fig. 27. 
the Alloy Was Completely Graphitized. Etched Lightly with Nital.. x 2000. 
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__ Fig. 30—Alloy 2.98 Per Cent Carbon. Heated in Hydrogen-Hydrocarbon Gases at 
1050 Degrees Cent. for 72 Hours, at 950 and 850 Degrees Cent. Each for 24 Hours, 
at 750 Degrees Cent. for 48 Hours, and at 675 Degrees Cent. for 96 Hours. Shows 
the Alloy Was Much Less Graphitized in the Above Gases Than in a Vacuum. X 50. 

Fig. 31—Alloy 0.13 Per Cent Carbon. Heated at 700 Degrees Cent. for 150 Hours, 
and Quenched. Shows That Traces of Graphite May Have Formed. X 2000. 

Fig. 32—Alloy 0.28 Per Cent Carbon. Heated at 700 Degrees Cent. for 150 Hours 
and Quenched. Slight Evidence of Traces of Graphite. » 2000. 

Fig. 33—-Alloy 0.77 Per Cent Carbon. Heated at 700 Degrees Cent. for 150 Hours, 
Quenched. Traces of Graphite. All Specimens Etched in Sodium Picrate. x 2000. 
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carbide -++ austenite — liquid reaction temperature. If the alloy 
had been heated to between the stable and metastable eutectic tem- 
peratures, it is possible that this might have resulted in the generation 
of a large number of graphite nuclei, and this would explain the 
formation of the large number of graphite masses during the heat 
treatment at 1125 + 10 degrees Cent. (compare photomicrographs 
Figs. 23 and 24). Of course, the presence of hydrogen and hydro- 
carbons may also have an influence on the rate of generation of 
graphite nuclei and, in fact, explain the difference between the 
observed structures, although this is unlikely since no such difference 
was observed between the distribution of graphite in specimens 
treated respectively in a vacuum and in hydrogen-hydrocarbon gases 
at lower temperatures (1050 degrees Cent.). Graphite was also 
produced from cementite in two specimens quickly heated to 1050 
degrees Cent. and maintained at that temperature for 100 hours, one 
being heated in a vacuum (1 micron) and the other in hydrogen- 
hydrocarbon mixtures, after which they were quenched. The micro- 
structure of both specimens was similar, and photomicrographs 
showing a typical structure obtained are given in Figs. 25 and 26.* 
The above results show that cementite is unstable at temperatures 
close to the eutectic temperature, both in a vacuum and in a hydrogen- 
hydrocarbon atmosphere. 

Two specimens, one in a vacuum (1 micron) and the other in 
hydrogen-hydrocarbon gases, were next heat treated in an effort to 
completely graphitize the high purity high carbon alloy (2.98 per cent 
carbon), and thereby to show that cementite is unstable to below the 
eutectoid temperature, and whether or not the gaseous atmosphere 
influences the rate of formation of graphite in iron-carbon alloys. 
The specimens containing only carbide and ferrite were heated at 
1050 degrees Cent. for 72 hours, 950 for 24 hours, 850:for 24 hours, 
750 for 48 hours, and at 675 degrees Cent. for 96 hours. During the 
treatment in a vacuum the carbide was completely transformed and 
subsequently only graphite and ferrite could be observed in the speci- 
men, except for a few traces of carbide which persisted in the form 
of isolated regions considerably separated (Figs. 27, 28, and 29). 
However, under exactly the same conditions of heat treatment, with 


*Incidentally, a comparison of Fig. 25 with Fig. 26 also shows that the amount of 
decarburization that might have taken place during the long heat treatment in the hydro- 
gen-tydrocarbon mixtures was probably quite small. 


tWhile the total pressure was of the order of 1 micron, the partial pressure of the 


air and therefore oxygen was often of the order of less than 0.01 microns as indicated 
by a McLeod gage. 
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29), Fig. 34—Alloy 2.98 Per Cent Carbon. Heated at 700 Degrees Cent. for 150 Hours 
; and Quenched. Traces of Graphite Have Developed. Xx 2000. 

with _ _Fig. 35—Alloy 2.98 Per Cent Carbon. Heated at 750 Degrees Cent. for 100 Hours, 

Cooled at 50 Degrees Per Minute. Traces of Graphite. > 2000. 

Fig. 36—Alloy 1 Per Cent Carbon. Heated at 1050 Degrees Cent. for 2 Hours and 
Quenched. Shows That Graphite Masses Once Formed in Iron-Carbon Alloys Tend to 
Persist. Etched with Nital.  < 2000. 

: Fig. 37—Alloy 0.77 Per Cent Carbon. Heated at 700 Degrees Cent. for 48 Hours, 

4 rhen Between 700 and 740 Degrees Cent. for 250 Hours. Rate of Heating and Cooling 

of the Between 700 and 740 Degrees Cent. % Degree Per Minute. Gives Evidence of_the 

licated Formation of Some Graphite Nuclei Which Persisted at the Higher Temperature. Figs. 
34, 35, 37. Etched with Sodium Picrate. x 2000. 
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the exception that a hydrogen-hydrocarbon atmosphere was sub- 
stituted for the vacuum, a considerable amount of carbide persisted, 
and a great deal of pearlite was formed (Fig. 30). It may be that 
the solution of the gases in the austenite prevented a ready diffusion 
of carbon to the graphite masses already present, and therefore 
decreased the rate at which graphite could form in the alloy. 

In order to determine whether or not the carbon content of the 
alloy influences the rate at which graphite forms from cementite, a 
series of alloys containing between 0.13 and 2.98 per cent carbon 
were heated for about 150 hours at 700 degrees Cent. and were sub- 
sequently examined to see whether any graphite had been formed, 
The amount of graphite formed in any of the alloys was small, and 
several fields were examined under the microscope before any evi- 
dence of graphitization was observed. The amount of graphitization 
which had taken place in the highest carbon alloy (2.98 per cent 
carbon) seemed to be very little different on the whole from that 
which had occurred in the lower carbon alloys (see Figs. 31, 32, 33, 
and 34). 

Not only is the graphitization process a slow one (in the absence 
of graphite nuclei) at temperatures below the A, where the phases 
are ferrite and carbide, but also at temperatures slightly above it 
where the phases are austenite and carbide. This is apparent from a 
comparison between the photomicrographs given in Figs. 34 and 35. 
The specimens in this study were heated at 700 degrees Cent. for 
150 hours (Fig. 34) and at 750 degrees Cent. for 100 hours 
(Fig. 35). 

A comparison of the above results with those given earlier (com:- 
pare Fig. 34 with Fig. 29) shows that the effect of nucleation is a 
powerful one in determining the rate at which graphite will form. 
In, the one case (Fig. 29) graphite nuclei were formed at a high tem- 
perature, and this caused the graphitization process to progress com- 
paratively rapidly to completion even below 738 degrees Cent. (the 
stable eutectoid equilibrium temperature), while in the other case 
after a considerable time (150 hours) of heating at 700 degrees Cent. 
the graphitization reaction had scarcely started. It is probably the 
failure to take into account this significant influence of nuclei (gen- 
erated more easily in high carbon alloys) on the rate of graphitization 
that has led some authors*? to consider the carbide in low carbon 
alloys as being more stable than in high carbon alloys. 


2Ref. 28. 
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Attempts were next made to increase the rate of graphitization 
in iron-carbon alloys by pressing very finely divided graphite (made 
from pure benzene) into contact with specimens to be heated in a 
vacuum for long times at comparatively low temperatures (700 to 
800 degrees Cent.) ; however, only negative results were obtained. 
Negative results were also obtained when attempts were made to 
dissolve finely-divided graphite (graphite made from benzene and 
tightly pressed against the iron) in specimens of iron heated in 
vacuum at a high temperature (1050 degrees Cent.). After 75 hours 
the amount of graphite dissolved was so small that no pearlite could 
be observed in the slowly cooled specimen. The reason for the rapid 
solution of the graphite formed in iron-carbon alloys is that it forms 
a good contact with the iron surrounding it. If, however, as may 
sometimes occur, the graphite particles in iron-carbon alloys become 
large and have poor contact with the iron, conditions similar to those 
obtained in the above experiment would be realized and great diff- 
culty would be experienced in dissolving such graphite in austenite. 
Such a difficulty was experienced many times in this investigation, 
as before mentioned, in dissolving graphite and preventing it from 
reforming during cooling. Graphite nuclei may persist for a long 
time at temperatures considerably above that at which graphite should 
theoretically be completely dissolved in austenite. Graphite in one 
alloy (carbon about 1 per cent) was heated for 2 hours at 1050 
degrees Cent., a temperature 150 degrees Cent. or so above that at 
which the graphite should dissolve in austenite, and yet graphite 
nuclei in this experiment persisted throughout the whole heat treat- 
ment, as is apparent ‘from Fig. 36. 

An attempt was next made to produce graphite nuclei in a 
hypoeutectoid alloy (0.77 per cent carbon) in an effort to increase 
the rate of graphitization in it when suitably heat treated. First the 
alloy was heated to 700 degrees Cent. for about 48 hours in the hope 
of generating graphite nuclei, and then between 700 and 740 degrees 
Cent. for 250 hours. The heating and cooling rate between these 
temperature limits was 4% degree Cent. per minute, and each time 
the lower limit was reached during cooling the temperature was 
maintained at that temperature for about 20 hours before heating. 
The results showed that some graphitization occurred, and an unusual 
microstructure was obtained, but the increase of the amount of 
graphitization due to the special heat treatment was quite small 
(Fig. 37). Apparently some graphite nuclei did form and possibly 
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Fig. iow. 2.98 Per Cent Carbon. Heated for 72 Hours at 1050 Degrees Cent., 


24 Hours at 950 Degrees Cent., 24 at 850, 72 at 750, and 72 at 733 + 2 Degrees Cent. 
Completely Graphitized Showing That Graphite Had Formed Directly from Austenite 
About 10 Degrees Cent. Above the A;. Etched Lightly With Nital. * 250. 

Fig. 39-—Alloy 2.98 Per Cent Carbon. Heated at 1125 Degrees Cent. for 150 Hours 
in pee eee eregeroes Gases and Cooled at_1 Degree Per Minute. Shows, Together 
with Fig. 40 That Graphite Has Formed as a Decomposition Product of Carbide Precipi- 
tated in Crystallographic Planes. Unetched. x 250. 

Fig. 40—Alloy 2.98 Per Cent Carbon. Heated at 1125 Degrees Cent. for 150 Hours 
in Hydrogen-Hydrocarbon Gases and Cooled at 1 Degree Per Minute. Shows with Fig. 39, 
Graphite Has Formed in Situ in Carbide Masses. Etched with Sodium Picrate. x 250. 

Fig. 41—Alloy 2.98 Per Cent Carbon. Alloy Heated at 925 Degrees Cent. for 20 
Hours, Then Cooled at 100 to 200 Degrees Cent. Per Minute. Shows Evidence of Graph- 
ite Being Precipitated Along Crystallographic Planes in Carbide Either During the Long 
Heat Treatment or During the Very Rapid Cooling. Etched with Sodium Picrate. x 2000. 
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persisted at the higher temperature, but they were not numerous 
enough or powerful enough to cause a general graphitization of the 
alloy during cooling. 


MECHANISM OF GRAPHITIZATION 


From the dilatometric results already given (Fig. 6—cooling 
curves A and B) it is apparent that graphite may form directly from 
austenite, since graphite can be precipitated from austenite at a tem- 
perature higher than that at which carbide can be precipitated from 
solution. Microscopic studies confirm this conclusion (Fig. 38) and 
show that graphite may also form during the decomposition of 
cementite (Fig. 30). The photomicrograph of Fig. 30 shows that 
graphite replaced the regions previously occupied by carbide, and that 
of Fig. 38 shows evidence of graphite and ferrite being the only 
phases in the alloy (2.98 per cent carbon) after being heated at 1050 
degrees Cent. for 72 hours, at 950 degrees Cent. for 24 hours, 850 
degrees Cent. for 24 hours, 750 degrees Cent. for 72 hours, and 
finally at 733 + 2 degrees Cent. for 72 hours, and cooled at 10 
degrees Cent. per minute. If-at least some of the graphite had not 
formed directly from austenite, then some pearlite would have been 
present in the cooled alloy. 

It is possible that graphite precipitating directly from austenite 
may form at austenite grain boundaries, along crystallographic planes, 
and as spheroidal masses. However, since carbide may also be 
formed directly from austenite and be similarly distributed in iron- 
carbon alloys, one cannot always be sure that graphite masses observed 
in microscopic studies formed directly from solution in the positions 
observed. Up to the present time no microscopic evidence has been 
presented to show that graphite precipitates directly from solution 
along austenite crystallographic planes giving rise to the formation 
of Widmanstatten figures. Graphite has been found precipitated 
along such planes in the present investigation, but the evidence (Figs. 
39 and 40) indicates that carbide platelets were first precipitated 
along the planes giving rise to the formation.of the pattern observed, 
and later the carbide was decomposed im situ to give graphite. A 
careful examination of the photomicrograph (Fig. 40) shows that 
some platelets had both carbide and graphite in them. That graphite 
forms directly from solution and may be precipitated along austenite 
grain boundaries is evident from a comparison of the dilatometric and 
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Fig. 42—Alloy 2.98 Per Cent Carbon. Alloy Heated at 925 Degrees Cent. for 20 
Hours Then Cooled at 100 to 200 Degrees Cent. Per Minute. Evidence of Graphite Pre- 
cipitated Along Crystallographic Planes in Carbide. Etched with Sodium Picrate. < 2000. 

Fig. 43—Alloy 2.98 Per Cent Carbon. Heated at 1125 Degrees Cent. for 150 Hours 
in Hydrogen-Hydrocarbon Gases and Cooled at 1 Degree Per Minute. Evidence of 
Graphite Precipitated in Crystallographic Planes. Sodium Picrate Etch. 2000. 

Fig. 44—Alloy 2.98 Per Cent Carbon. Alloy Heated at 925 Degrees Cent. for 20 
Hours, Then Cooled at 100 to 200 Degrees Cent. Per Minute. Shows That During 
Graphitization the Composition of the Carbide May Change. Sodium Picrate. 2000. 

Fig. 45—Alloy 2.98 Per Cent Carbon. Heated at 1125 Degrees Cent. for 150 Hours 
in Hydrogen-Hydrocarbon Gases and Cooled at 1 Degree Per Minute. Graphite Precipi- 
tated in Possible Cracks in the Brittle Carbide. Sodium Picrate Etch. x 2000. 
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microscopic results given in Fig. 6 (cooling curves A and B) and 
Fig. 7 respectively. The dilatometric results, obtained using a heating 
and cooling rate of 2 degrees Cent. per minute and an alloy containing 
0.95 per cent carbon, show that graphite forms on cooling at a tem- 
perature higher than that at which carbide can form from austenite, 
so that the first graphite produced cannot be a decomposition product 
of carbide. The microstructure obtained when the alloy was cooled 
in the dilatometer at 2 degrees Cent. per minute (Fig. 7) gives evi- 
dence of graphite having been formed at austenitic grain boundaries, 
and the pronounced greater abnormality of the structure in the 
vicinity of those grain boundaries suggests that the first graphite 
precipitated was produced there; this graphite, as mentioned above, 
must have been formed directly from austenite. Most of the evidence 
given to show that graphite often forms spherical masses when pre- 
cipitated directly from solution is indirect but rather conclusive.**** 
The argument usually advanced is that since graphite nests in malle- 
able cast iron are not arranged like the carbide in the original white 
cast iron, graphite forms directly from solution. The distribution in 
a 1 per cent carbon alloy (cooled from 1050 degrees Cent. at 1 degree 
Cent. per minute) of comparatively large spherical graphite masses 
surrounded by much larger regions of ferrite in a matrix that appears 
to be a moderately fine pearlite containing no large masses of carbide 
shows that most probably the graphite in this alloy was formed 
directly from solution (Fig. 4). This alloy when heated at 1050 
degrees Cent. for 2 hours and quenched still contained small masses 
of graphite (Fig. 36), and when similarly heated and cooled at 10 
degrees Cent. per minute (a rate at which proeutectoid carbide would 
be expected to form only as small narrow platelets rather than 
spheroids) the spheroidal masses of graphite were again formed, 
and the microstructure had again an appearance similar to that shown 
in the photomicrograph of Fig. 4. This time, however, the pearlite 
matrix had a rather finer structure than before. 

When graphite forms as one of the decomposition products of 
carbide, it is possible for it to be formed in crystallographic planes, 
in cracks—if such are developed in the brittle carbide—and as masses 
rather irregular in shape but tending to be spherical. Also graphite 
may simply replace carbide in situ and give rise to any of the patterns 


_ SE. C. Bain. “On the Rates of Reactions in Solid Steel,’ Transactions, American In- 
stitute of Mining and Metallurgical Engineers, Vol. 100, 1932, p. 13. 
“A. Phillips and E. S. Davenport, ‘‘Malleableizing of White Cast Iron,” Transactions 
American Institute of Mining and Metallurgical Engineers, Vol. 67, 1922, p. 466. 
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Fig. 46—Alloy 2.98 Per Cent Carbon. Alloy Heated at 925 Degrees Cent. for 20 
Hours, Then Cooled at 100 to 200 Degrees Cent. Per Minute. Shows. Evidence of a 
anes of the Carbide Composition During Graphitization. Sodium Picrate, 2000. 

ig. 47—Alloy 2.98 Per Cent Carbon. Heated 100 Hours at 1050 Degrees Cent. in 
Hydrogen-Hydrocarbon Gases and Cooled to Room Temperature in a Few Minutes. 
Shows Evidence of Graphite Being Precipitated in Situ in Large Carbide Masses, Pre- 
serving Traces of the Dendritic Pattern Originally Outlined by the Carbide. 250. 

Fig. 48—Alloy 2.98 Per Cent Carbon. Heated 100 Hours at 1050 Degrees Cent. in 
Hydrogen-Hydrocarbon Gases and Cooled to Room Temperature in a Few Minutes. 
Shows Evidence of Graphite Being Formed in Situ from Carbide. The Directions Indi- 
cated by the Large Graphite Masses are Different from Those of the Small Carbide 
Platelets, the Former Probably Are Related to the Dendrites, and the Latter to Crystal- 
lographic Planes in the Austenite from Which They Formed. Sodium Picrate Etch. x 250. 
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which carbide is capable of giving in iron-carbon alloys, i.e., graphite 
may outline a dendritic structure, a Widmanstatten pattern, and may 
replace spheroidized and grain boundary cementite. 

Evidence that during the decomposition of carbide graphite may 
be precipitated in crystallographic planes is given in Figs. 41, 42, and 
43, Small black, regularly arranged masses (graphite) occur in the 
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Fig. 49—Iron-Iron Carbide and Iron-Graphite Equilibrium 
Diagrams. 
alloy in such a way as to suggest a Widmanstatten structure. The 
narrow bands of carbide appearing in the large carbide masses (Figs. 
41 and 42) apparently show a greater tendency toward graphitization 
than does the carbide around them, which is what one might expect 
if the narrow bands were twins. It should not be concluded, how- 
ever, that these bands are twins of carbide in carbide, especially in 
view of the evidence of bending given in Fig. 42. What they are 
and the reasons for their formation are still very obscure, and no 
speculation will be made at the present time in an effort to interpret 
these structures. In addition to the formation of graphite in carbide 
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planes, it may form in cracks developed in the brittle carbide. The 
photomicrograph of Fig. 45 shows the appearance of a carbide mass 
partially graphitized which has the appearance of being filled with 
cracks. If a graphite nucleus is formed in a carbide mass, it is con- 
ceivable that graphitization may then proceed by the precipitation of 
graphite from a carbide solution, in which case the growing graphite 
mass may be somewhat spheroidal in shape and the carbide in the 
vicinity depleted in carbon. Such a process would explain the forma- 
tion of the rounded masses of graphite in carbide and the smoother 
appearing carbide around it (Fig. 44—left). In referring to a car- 
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Fig. 50—Dilatation-Temperature Curves. Rate 
of Heating and Cooling 2 Degrees Per Minute. 
Temperature Maintained at 734 Degrees Cent. for 
22 Hours, and at 728 Degrees Cent. for 36 Hours. 
At 734 Degrees Cent., Curves A, Carbide Sepa- 
rated Causing a Contraction and Subsequently 
Graphitization Occurred, and the Stable Eutectoid 
Reaction Occurred Causing an Expansion. These 
Curves Show the Ar, Transformation Can Be 
Almost Eliminated by Graphitizing Above the A, 
Temperature Before Cooling. 


bide solution the assumption is made that Fe,C may gain and lose 
carbon. Schwartz*® and co-authors have presented evidence to show 
that cementite, at least in graphitizable alloys, is not a definite chemical 
compound, but varies in carbon content with temperature. The for- 
mation during graphitization of carbide having an appearance such 
as that shown in the photomicrographs of Figs. 44 and 46 is con- 
sistent with Schwartz’s conclusions. 

Photomicrographs of structures in which graphite has replaced 
carbide im situ are given in Figs. 25, 47, 48, 39, 40, and 30. The 


4SH. A. Schwartz, K. R. Van Horn, and C. H. Junge, “Transformation in the Carbide 
Phase During Graphitization,” Transactions, American Society for Steel Treating, Vol. 
21, 1933, p. 463. 
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alloy before being graphitized had the microstructure indicated in 
Fig. 22. After graphitizing, the graphite distribution, being that 
indicated in Figs. 25, 47, and 48, was related to the original structure 
in which considerable ledeburite occurred. The directions of the 
graphite masses are not related to those of the carbide platelets shown 
(Figs. 47 and 48); the former probably are influenced by the direc- 
tions of the original dendrites of the alloy and the latter by the 
directions of certain austenite planes. Graphite having directional 
properties similar to those of proeutectoid carbide in austenite is 
indicated in Figs. 39 and 40, as must be the case, because the graphite 
simply replaced or partially replaced carbide im situ. In Fig. 30 
evidence is given of the replacement of grain boundary carbide by 
graphite. 


DISCUSSION OF RESULTS 


The equilibrium stable iron-graphite diagram for the eutectoid 
region as determined in the present investigation is given in Fig. 49, 
together with the equilibrium metastable iron-iron carbide diagram 
determined previously.*® The lines GS, SE, and PSK were deter- 
mined very accurately (within + 3 degrees Cent. and + 0.01 per 
cent carbon). Since the eutectoid temperature for the reaction alpha 
+ graphite <2 gamma has now been determined accurately (within + 
3 degrees Cent.) in the present investigation, the point S’ (Fig. 49), 
representing the eutéctoid temperature and composition, is also pre- 
cisely known, unless as Schwartz*’ has concluded the lines GS and 
GS’ cannot be exactly superimposed due to the formation of one kind 
of solution when carbon from graphite dissolves in austenite and 
another kind when carbon from cementite dissolves. This will be 
discussed presently. Knowing precisely the eutectoid temperature 
and eutectoid composition for iron-graphite eutectoid and the 
equilibrium temperatures for the complete solution of graphite of 
0.95 and 0.97 per cent carbon iron-carbon alloys in austenite, the line 
S’E’ can be drawn. The line S’E’ is believed to be accurate between 
the limits S’B to within about + 5 degrees Cent. It is thought safe 
to interpolate between S’ and the data points, because the line S’E’, as 
determined by the most reliable previous investigators (discussed 
earlier), is practically straight and almost parallel with the line SE. 


*“Ref. 19. 
“Ref, 3. 
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The lines GS, SE, PSK, GP, and PQ make up the equilibrium drawn 
metastable iron-iron carbide diagram in the eutectoid region, and the (only 
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drawn common to both diagrams and it is concluded that no carbide 
(only graphite) can form between composition and temperature 
ranges indicated by the areas S’E’ES, P’S’SP and P’PQ’O under 
any conditions. The double diagram is drawn to show conveniently 
the relationship between the two systems, but it must be realized that 
each system is a single two-component binary system, one stable and 
the other metastable, and the two systems cannot be considered as a 
single three-component ternary system as seems to have been done by 
Hanson.** 

As previously mentioned the eutectoid temperature for the reac- 
tion alpha + graphite <2 gamma has been determined accurately by 
one microscopic method and confirmed by the results of other micro- 
scopic and dilatometric studies. A further confirmation of these 
results was made in the following manner using the dilatometric 
method: An alloy (2.98 per cent carbon) containing graphite and 
considerable austenite was first cooled from a high temperature 
(1000 degrees Cent.) to 734 degrees Cent. and then heated at this 
temperature for 22 hours (Fig. 50—cooling curve A). For some 
time at 734 degrees Cent. the contraction continued, due to a further 
precipitation of carbide, and then as carbide was transformed to 
graphite, graphite possibly formed from solution, and austenite trans- 
formed to ferrite, an expansion occurred. On further cooling (at 2 
degrees Cent. per minute) the magnitude of the Ar, transformation, 
previously found to be quite large, was comparatively small, indicating 
that the temperature, 734 degrees Cent. is below the stable eutectoid 
temperature. On heating at 2 degrees Cent. per minute, the end of 
this eutectoid reaction occurs at 744 degrees Cent., only 6 degrees 
Cent. above the equilibrium temperature. A further dilatometric 
test was made in which the alloy was cooled from 780 degrees Cent. 
to 728 degrees Cent. and heated for 36 hours and subsequently cooled 
and heated at 2 degrees Cent. per minute; there was very little evi- 
dence of any Ar, transformation on cooling. 

If one studies in detail the dilatometric curves given in this 
paper, one may observe that the alloys investigated behave in a gen- 
eral way consistently with what one would predict from the diagram 
(Fig. 49); for example, consider the dilatometric heating curve C, 
(Fig. 6). Before heating, the alloy contained ferrite, carbide, and 
graphite. At 735 degrees Cent. the Ac, transformation occurs and 
territe disappears, then follows the anomaly due to experimental con- 

“Ref. 28. 
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ditions previously explained, and between 735 and 810 degrees Cent. 
carbide is dissolved. From 810 to about 840 degrees Cent. all the car- 
bide is in solution, but graphite cannot dissolve because the austenite js 
supersaturated with carbon with respect to graphite; above 840 de- 
grees Cent., however, the graphite is able to dissolve, and at 860 de- 
grees Cent. is all in solution in the austenite. If considerable graphite 
is formed, the dilatometric curve may show a further change not in- 
dicated in curve C. For example, consider dilatometric heating curve 
B. As before, the Ac, temperature is indicated at 734 degrees Cent., 
but between 734 and 760 degrees Cent. little expansion occurs, be- 
cause after the eutectoid reaction ferrite + carbide — austenite has 
occurred, ferrite in the vicinity of graphite persists until the ferrite + 
graphite — austenite can occur, after which the graphite dissolves in 
austenite and the expansion is resumed. 

In the diagram of Fig. 51, data of Gutowsky*® and Sohnchen 
and Piwowarsky” are given together with those of the present author. 
The data of the above investigators were selected by Epstein™ as 
being among the best to use in his efforts to present an iron-graphite 
diagram of reasonable accuracy. He gave considerable weight to the 
data of Sohnchen and Piwowarsky; these.data, however, can only 
have a fair degree of accuracy as is evident from the differences 
observed between his comparable data, and because the line S’E’ 
determined on a basis of these data lies to the right of the precisely 
determined SE line, and thus from the thermodynamic standpoint is 
unreasonable. The data of Gutowsky and those of the present author 
are not directly comparable; but it may be observed that an extrap- 
olation of the part of the S’E’ line determined by the present author 
with that determined by Gutowsky shows the two parts of the line 
to fall in the same straight line, either a remarkable coincidence or 
an’ indication that the line S’E’ has been determined with high 
accuracy.* The full lines, determined by the present author either 
in this or a previous investigation, are believed to be accurate to with- 
in 5 degrees Cent. 

Honda and co-authors®*? and Yap** on thermodynamic grounds 
have concluded, as mentioned previously, that cementite is unstable 
~~ 4Ref. 22. 

Ref. 21. 

Ref. 1. 

*In using Gutowsky’s data, only those were considered for which he reported the total 
carbon content, the amount of graphite, and the amount of combined carbon (by difference) 
in his alloy, and the heat treatment used. Other data were given, but these are believed to 
have rather less accuracy because the total carbon of the alloy was not given, but apparently 
only assumed. 


52Ref. 10. 
Ref, 2. 
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at low temperatures, but becomes more stable at higher temperatures, 
and above about 940 degrees Cent. (according to Honda) is thermo- 
dynamically stable. The present author agrees that the stability of 
cementite does probably increase with temperature, since the slope 
of the solubility line SE is greater (with respect to the composition 
axis) than that of the line S’E’ ; howevef, these do not cross at 940 
degrees Cent., and it has been definitely shown in this investigation 
that cementite can be decomposed to graphite at any temperature 
between 700 degrees Cent. (below A,) and 1125 degrees Cent. (close 
to eutectic).* Other thermodynamic results, including those of 
Bramley and Lord and previously referred to are in qualitative agree- 
ment with the results presented in this investigation ; i.e., the present 
work confirms these thermodynamic predictions. If the lines SE and 
S’E’ are extended beyond the points E and E’ (stable and metastable 
eutectic temperatures) they cross at about 1200 degrees Cent. One 
may infer from this that cementite is stable and conversely graphite 
metastable above 1200 degrees Cent.,** and therefore conclude that 
it is thermodynamically possible in hypoeutectic iron-carbon alloys 
(i.e., in cast irons) to have graphite precipitate from the liquid, as 
such alloys solidify at the eutectic temperature. That graphite is 
actually formed at the eutectic temperature during the freezing of 
certain cast irons has been shown recently by Boyles.®* In hypereu- 
tectic alloys, above 1200 degrees Cent., carbide would first separate 
from the melt during freezing, subsequently graphite could form in 
the dendrites themselves, i.e., not simply in the eutectic between the 
dendrites as when hypoeutectic alloys are frozen (as observed by 
Boyles), and finally at the eutectic temperature the liquid + graphite 
reaction could take place and the graphite be distributed as in the case 
of high-carbon hypoeutectic alloys. 

If the carbide is stable above 1200 degrees Cent., the stable iron- 
carbon diagram as usually drawn should be modified, so as to include 
a field (UTD’) in which liquid and carbide phases exist in stable 
equilibrium (see Fig. 52). 

When carbide is transformed to graphite and ferrite (or aus- 
tenite) an expansion occurs (Fig. 16—curve C). From the known 


*Probably the carbide is thermodynamically even more unstable at room temperature 
than at 700 degrees Cent., as indicated by an extension of the lines E’S’ and ES downwards. 
This is consistent with ‘the experience of N. A. Ziegler. See discussion of paper by 
H. A. Schwartz, Ref. 3, p. 154. 


**This temperature is quite approximate and the inference may or may not be justified, 
but if correct is eeuiicant. 
5A. Boyles, ““The Freezing of Cast Iron,” Metals Technology, American Institute of 
lining and Metallurgical Engineers, Tech. Pub. No. 809, April 1937, p. 17. 
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densities of ferrite, graphite, and carbide, and the coefficients of 
expansion of these phases, one may calculate the magnitude of the 
length changes one may expect to get when iron-carbon alloys undergo 
transformations. In the 0.95 per cent carbon alloy used in this 
investigation (Fig. 1), when about 0.3 per cent of carbon is trans- 
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PER CENT CARBON 


Fig. 52—Stable Iron-Carbon Diagram. This is Similar to the Diagram 
ik +h Epstein (Discussed Previously) Except for the Added Field 


L—Liquid, 6—Delta, y—-Gamma, C—Carbide, G—Graphite and a—Alpha. 


formed to graphite the specimen length (1 inch between shoulders) 
at room temperature should be increased by 0.0017 inch, as shown 
by calculation. The density of graphite is taken to be 2.4, of cementite 
7.62, and of alpha iron 7.885. The amount of graphite formed in 
the alloy can be determined approximately by measuring the length 
of the contraction of the alloy (0.95 per cent carbon in this case) at 
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the Ac, temperature before and after it contained graphite, and from 
a knowledge of the influence of carbon on this length (determined in 
an earlier investigation®) one can calculate the amount of carbon 
involved in the Ac, transformation in the alloy containing graphite. 
The difference between this and the total amount of carbon in the 
alloy is assumed to be graphite. The amount of graphite calculated 
in this manner is likely to be a little higher rather than lower than 
the amount actually present. 

It has been shown that the coefficients of expansion of iron, an 
alloy containing carbide, and one containing carbide and graphite are 
practically the same (Fig. 21), up to the A, temperature providing 
the amount of graphite is not sufficient to shorten the Ac, contraction 
by an amount greater than that observed in Fig. 1; therefore, the 
length change difference 0.0017 inch (0.17 per cent) between the al- 
loy containing no graphite and 0.3 per cent graphite respectively may 
be considered the same just below the Ac, temperature as at room 
temperature. Between the Ac, temperature and 900 degrees Cent. 
there is very little increase of length when the alloy (0.95 per cent 
carbon) contains no graphite (upper heating curve, Fig. 1) and a 
considerable increase of length when the alloy contains graphite. The 
net increase amounts to about 0.002 inch (scale 1 inch equals 0.002 
inch). Adding this amount to 0.0017 inch gives the total length dif- 
ference at 900 degrees Cent. between austenite containing carbon 
from graphite and from carbide respectively ; the former is 0.37 per 
cent greater than the latter and amounts to 1.11 per cent by volume. 
This means that the a, value for austenite containing 0.95 per cent 
carbon would be increased from 3.675 A* to 3.689 A, due to the pres- 
ence of 0.3 per cent of carbon from graphite in solution. It would be 
interesting to have a direct confirmation of this conclusion from X-ray 
studies. These would show positively whether or not the above expan- 
sion of austenite by graphite is due to the formation of holes; how- 
ever, this information is scarcely necessary to prove this point because 
the dilatometric curves show practically closed loops (Fig. 17) when 
graphite goes into and comes out of solution. Also microscopic obser- 
vations have confirmed that the effect of graphite on the observed 
volume when austenite dissolves graphite is not due to the presence of 


Ref. 19. 
*Obtained from data given by Esser and Mueller. 


%®H. Esser and G. Mueller, “Die Gitterkonstanten von reinem Eisen und Eisen-Kohlen- 
oe bei Temperaturen bis 1100°,” Archiv fiir das Eisenhiittenwesen, Vol. 7, 
09, DP. . 
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holes. Similar conclusions have been arrived at using the results given 
in Fig. 21. These are necessarily approximate because, except in test 
A (curve A) in which the alloy previously contained only graphite 
and ferrite, the relative amounts of carbide to graphite are not known 
accurately. Certainly the amounts of carbide are less than those pre- 
viously dissolved in the austenite, because a considerable amount of 
the graphite dissolved on heating reappears as graphite on cooling, es- 
pecially in the presence of considerable graphite nuclei. In fact, the lit- 
tle change in length on heating at constant temperatures (919 and 
1000 degrees Cent.—see curves C and E), and the closeness to each 
other of the heating and cooling curves D and E (above the Ac, ) indi- 
cate that the alloy comes quickly to equilibrium above the Ac, temper 

ature from which it may be concluded that the amount of graphite 
formed from solution on cooling was considerable. The calculations 
show that the alloy (2.98 per cent carbon) at room temperature should 
be about 114 per cent longer after being completely graphitized. At 
900 degrees Cent. the amount of graphite in the graphitized alloy is 
taken to be 1.9 per cent, and the amount of carbide, assuming Fe,C in 
the ungraphitized alloy 26.18 per cent (contains 1.75 per cent carbon). 
Using these assumptions and the calculations referred to above, it is 
found that the austenite in the alloys containing only graphite and 
austenite is considerably larger than that in those containing only 
carbide and austenite, and that the increase in size of the austenite is 
roughly proportional to the amount of graphite dissolved. The volume 
increase of the austenite at 900 degrees Cent. in the tests A, C, E, 
and F (heating) over that in test G (no graphite)—see curves A, 
C, E, F, and G, Fig. 21—is approximately 3 per cent (1.1 per cent 
as graphite in solution), 2.5 per cent, 2.5 per cent, and 0.5 per cent 
(prebably less than 0.25 per cent graphite in solution). From the 
results (Figs. 1 and 21—curve A) and the calculations referred to 
above, it may be observed that the volume increase of the austenite, 
in which 0.3 per cent and 1.1 per cent graphite has dissolved at 900 
degrees Cent., over that in which only carbon from carbide has dis- 
solved at the same temperature is 1.1 per cent and 3 per cent respec- 
tively, which indicates that the length anomaly observed. in the 
dilatometric curves of this investigation as a result of graphite dis- 
solving in austenite is at least roughly proportional to the amount of 
graphite dissolved in the austenite. Schwartz®’ has explained the 





STH. A. Schwartz, “Evidences Concerning the Location of the Carbon Atom in Bodenite,” 
Transactions, American Society for Steel Treating, Vol. 21, 1927, p. 277 
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above anomaly as being due to the formation of a different kind of 
solution when graphite dissolves in austenite compared with that in 
which carbon from carbide has dissolved, and has suggested that the 
former gives a substitutional type of lattice structure, the latter hav- 
ing an interstitial type. The evidence presented is too meager to 
accept this conclusion, and the present author feels that the subject 
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Fig. 53—-Completely Graphitized. Alloy 0.15 Per Cent Carbon, 0.49 
Per Cent Manganese. Heated to 795 Degrees Cent., Held 3 Hours, Then 
Heated to 1000 Degrees Cent., Held % of an Hour (Curve A). Cooled 
to 750 Degrees Cent., Heated to 1000 Degrees Cent., Held % of an Hour 
(Curve B). Cooled to 650 Degrees Cent. and Finally Reheated to 925 
Degrees Cent. (Curve C). Rate of Heating and Cooling 2 Degrees Cent. 
Per Minute. Shows Acs (852) Identical Whether Carbon in Austenite 
from Graphite (Curve'B) or from Carbide (Curve C). 


is too complex to give at present any adequate reason for the unusual 
behavior described above. It seems likely that the unusual volume 
change associated with the solution of graphite in austenite is related 
to the concentration of carbon in the austenite, since in low-carbon 
alloys practically no evidence has been found of the above-mentioned 
unusual expansion. The dilatometric results obtained on heating a 
completely graphitized 0.15 per cent carbon alloy are given in Fig. 14, 
from which it is seen that, except for the raising of the beginning of 
the alpha to gamma transformation, the dilatometric heating curves 
A and B (graphite present) are similar to the dilatometric heating 
curve D (no graphite present). However, one of the difficulties in 
satisfactorily interpreting these curves in detail is that the graphitized 
alloy used in this study was quite heterogeneous and could not be 
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homogenized without destroying the graphite. That the concentration 
of carbon in austenite affects the magnitude of the volume of aus- 
tenite when graphite dissolves in it is shown more indirectly, but 
probably more conclusively, from microscopic studies. It has been 
shown that at a temperature of only 5 degrees Cent. above the stable 
eutectoid temperature graphite dissolves in austenite, and when the 
alloy (0.15 per cent carbon) is cooled gives carbide. At 742 degrees 
Cent. (only 4 degrees Cent. above the eutectoid temperature) after 
50 hours of heating, the austenite formed contains between 0.65 and 
0.70 per cent carbon (see diagram 49). On the other hand, in the 
study of the 0.95 per cent carbon alloy (Figs. 6 and 7) where the 
greater expansion of austenite due to graphite being in solution in it 
has been observed, graphite forms on cooling even at fast rates (2 to 
5 degrees Cent. per minute) in an amount usually as great as that 
dissolved on heating, unless the specimen is heated for a long time at 
a temperature much above that at which the graphite dissolves during 
heating. 

It is concluded from these results that whatever the type of 
solution is that exists as a result of graphite dissolving in austenite, 
in concentrated solutions at least the carbon atoms are so placed 
that they can much more conveniently form graphite masses on cool- 
ing than when the carbon atoms present (same concentration) have 
been obtained from carbide. Of course under equilibrium conditions 
the two states of the austenite (carbon in solution from graphite in 
one case and from carbide in the other) may be identical. In a weak 
austenitic solution (as one finds) these states would become identical 
much more quickly than in a strong solution. From the above discus- 
sion it may be concluded that the lines GS and GS’ (Fig. 49) fall 
on the same curve, certainly a good deal of the way and most prob- 
ably over the entire length. Hayes, in a lucid discussion of Schwartz's 
paper,® has concluded that there is no reason to believe that there 
should be separate lines GS and GS’ in the double diagram referred 
to above. 

It is believed that the reason, when found, for the greater 
expansion of austenite when the carbon in it comes from graphite 
rather than carbide, will prove to be the same as that for the sudden 
change of expansion coefficient (curves B, C, and E—Fig. 21). Both 
effects seem to occur as a result of graphite being in solution. 


Ref. 3, p. 152. 
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SUMMARY 






1. Graphite has been developed in high purity iron-carbon 
alloys, having 0.13 to 2.8 per cent carbon at a temperature of 700 
degrees Cent.; and cementite has been shown to be unstable below 
1125 degrees Cent. 

2. Under the same conditions of heat treatment, it has been 
shown that the rate of graphitization in an alloy containing 2.98 per 
cent carbon was greater in a vacuum than in a hydrogen-hydrocarbon 
atmosphere. 

3. It is difficult in hypereutectoid alloys to prevent the reforma- 
tion of graphite during cooling at normal rates (5 degrees Cent. per 
minute or so) once that element has been previously formed; to 
accomplish this the alloy must be heated for several hours at tem- 
peratures considerably above the temperature at which graphite should 
dissolve in austenite. 

4. Microscopic studies have indicated that the presence of suff- 
cient graphite nuclei will increase the rate of graphitization many 
hundred fold. Dilatometric studies substantiate this conclusion. 

5. The rate of graphitization in high carbon iron-carbon alloys 
was found to increase rapidly with temperature. 

6. Results of this investigation show that carbide in low carbon 
alloys decomposes very slowly, but practically as quickly as carbide in 
high carbon alloys at 700 degrees Cent. and that there is no reason 
to believe that carbide'is stable in low carbon alloys and metastable in 
high carbon alloys as Hanson’s iron-carbon-graphite diagram suggests. 

7. The dilatometric behavior of the alloys is greatly modified 
by the presence of graphite. These modifications have been dis- 
cussed in detail. 

8. The effect of the rate of heating and cooling (2 degrees to 
Ye degree Cent. per minute) on the degree of superheating and under- 
cooling in partially graphitized alloys containing 0.95 to 0.97 per cent 
carbon is discussed. 

9. The equilibrium iron-graphite diagram has been determined 
in the vicinity of the eutectoid and a double diagram drawn showing 
the relationship between the equilibrium stable .iron-graphite and 
equilibrium metastable iron-iron carbide system. 

10. The mechanism of graphitization has been discussed and it 
has been shown that graphite forms directly from austenite and as 
a decomposition product of cementite. The graphite from solution 
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occurs in former austenite grain boundaries, possibly at austenite 
(ferrite) carbide interfaces, and as spherical masses. Graphite from 
carbide appears to form along crystallographic planes in carbide 
masses, in possible cracks of the brittle carbide, and as approximately 
spherical masses. Graphite being a decomposition product of carbide 
can preserve many of the patterns carbide from austenite is capable 
of giving. 

11. The results apparently show that austenite of the same 
mass and carbon content may have at the same temperature a different 
volume depending on whether the carbon dissolved in it comes from 
graphite (and has the larger volume) or from carbide; and the in- 
crease in volume is proportional to the amount of graphite dissolved 
in it. No adequate explanation can be offered at present for this be- 
havior. It may be associated with changes occurring in the alloy 
before equilibrium is reached and might be nonexistent under equi- 
librium conditions. 
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DISCUSSION 


Written Discussion: By H. A. Schwartz, manager of research, Na- 
tional Malleable & Steel Castings Co., Cleveland. 

This commentator must first express his appreciation of the detailed atten- 
tion the author has given to his views on the subject of graphitization. It 1s 
most pleasing to find that working with material of a new order of purity Dr. 
Wells has confirmed the view that cementite is metastable at all temperatures 
in the solid state. 

The technique of making the alloys and investigating them by dilatometric 
means has been most commendable. There are, however, some features of the 
author’s treatment and discussion to which one cannot subscribe unreserved) 
It is the intention to confine this discussion to the question of the reliability 0! 
the stable system’s equilibrium diagram proposed in Fig. 49 of the paper and 
to brief reference to the related general question of whether there are tw° 
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solid solutions of carbon in iron; for example, one of cementite and one of 
carbon or one interstitial, the other substitutional. 

Dr. Wells reports in Table II the composition of nine alloys prepared by 
himself. Fig. 49 seems to include data obtained from but three of these, Nos. 
7 and 8 (of very similar carbon content) and No. 9, all hypereutectoid. Al- 
though the composition of No. 2 after use in the dilatometer is reported, one 
finds no original data offered in support of the GS line of Fig. 49. If this 
line (Azs)is identical for! solutions from cementite and from graphite, then it 
is highly probable that the solutions are identical as to solute. The effect of a 
change in solute on the probable location of the A: line is discussed in the 
author’s reference 8. If the difference is merely one of location of the carbon 
atom, the Ass line for the stable and metastable solutions might differ less 
than the two lines calculated by Korber and Oelsen. The difference might even 
be undetectable. 

The point at the moment is that Dr. Wells’ reasoning begins with the 
assumption that GS is identical with GS’ and his subsequent conclusions as to 
the existence of one or more solid solutions so far as they are predicated on 
this equilibrium diagram are only as correct as this assumption which almost 
implies that there is only one solution. 

One might have hoped for data based on observations of alloy 1 to 4 in 
substantiation of the acceptance of the same Az-; lines for both the stable and 
metastable systems. The point S’ is derived from the intersection of a very 
accurately determined horizontal with an assumed GS’ line, the assumption 
being that S’ falls on a previously accurately determined GS. An accuracy of 
+ 3 degrees Cent. is claimed for both GS and P’K’. The slope of GS near the 
eutectoid appears in Fig. 49 to be about 28 degrees Cent. for 0.2 per cent carbon. 

For the most unfavorable combination of errors the error in the carbon 
content of the eutectoid might have been that corresponding to 6 degrees Cent. 
or roughly 0.04 per cent. The most probable precision of the carbon content 
of the eutectoid point might be 





r let us say 0.03 per cent carbon. 

The carbon content of the stable eutectoid is thus apparently pretty ac- 
curately determined but it must be remembered that the difference between 
Korber and Oelsen’s two GS lines (author’s reference 8) is only about 0.1 
per cent. 

Fig. 49 contains only one point (derived from two alloys) determined by 
the author on the Aer line. He relies on the known form of the Aem line for 
justification in making Aer a straight line through the determined point at 
'.93-0.97 per cent carbon and the point S’ which is an error by whatever 
amount the original assumption of the identity of the two A:-s lines may be in 
‘rror and further by whatever amount of error is due to the small uncertainties 
in the temperature ordinates of GS’ and P’K’. Strong evidence as to the 
validity of the author’s assumptions is furnished in Fig. 51 by the fact that the 
two points of Gutowsky, Well’s point at 0.96 carbon and the assumed S’ which 
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latter may not be altogether acceptable a priori, do in fact fall on a straight 
line. 

To gain more light on this matter one turns to the data offered in Fig. 10 
which if correctly interpreted by this commentator, indicate that the Aer point 
on heating at 2 degrees Cent. per minute is found at 800-804 degrees Cent, 
From Fig. 49 the Agr point for 0.75 per cent carbon should be at about 760 
degrees Cent. or a superheating at 2 degrees Cent. per minute of about 42 de- 
grees Cent. The only standard of comparison is found in Fig. 18 which furnishes 
little support for much over 20 degrees Cent. of superheating. 

It is doubtless not fair to pick out a single pair of experiments, which the 
commentator may not be competent to interpret, in refutation of an author’s 
conclusions. Perhaps had Dr. Wells studied and included data from more than 
one hypereutectoid-noneutectiferous alloy, the straight line of Fig. 51 would 
prove justified. One can, however, discuss only the data submitted and is 
constrained to point out that the meager information available concerning the 
0.75 per cent carbon alloy is apparently not in accord with the assumptions made. 

One is surprised that even rather high carbon metal does not decarburize 
in vacuo. The late great Walter Rosenhain told this writer in conversation 
many years ago that the National Physical Laboratory found it impossible to 
determine critical points in vacuo without change of composition. He was then 
engaged in an investigation to determine separately for every steel composition 
a hydrogen-hydrocarbon mixture which should neither add nor subtract car- 
bon, all in order to secure better thermal data for the iron-carbon diagram. 
This writer’s experience is that specimens enclosed in evacuated glass or quartz 
capsules retain their carbon content but those for which the vacuum is main- 
tained by pumping, do not. 

Analyses of the samples might have lent additional weight to the dilato- 
metric evidence that the carbon content remained unchanged. The author seems 
to have justly criticized Gutowsky (footnote, page 336) on the same grounds. 

Your discusser’s opinion is that Dr. Wells’ work is the most precise so 
far reported on the iron-graphite system. He is prepared to accept the data 
as to the A; transformation temperature and the single point at about 0.96 per 
cent carbon as very well established but is not prepared to admit that the 
carbon ordinate of the stable system has yet been established beyond question 
as to determine the character of solid solution. He could readily be convinced 
to the contrary if a multiplicity of points on GS’ and ES’ had been determined 
by the methods described by the author and reported in the paper. 

Dr. Wells very evidently is one of the majority which does not accept the 
existence of two solid solutions. For this he cannot be criticized, for the 
possibility of two solutions is inferred and not proven. That there are two 
solubility lines, Asr and Aem, is no evidence on the point. Cementite being 
metastable, the activity of carbon in the compound is greater than that of free 
graphite (at the same temperature). Even in non-ideal solutions the activity 
of a solute increases with concentration (in ideal solutions the relation is o! 
course linear). Evidently, therefore, two solutions, one in equilibrium with 
Fe;C and one with graphite, need differ only in concentration. This is not t0 
say that they cannot differ otherwise. Had we very precise knowledge as t? 
the locus of the solubility lines, Aem and Asr, one might compute the latent 
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heat of solution of carbon in gamma iron, provided ideality of solution can be 
postulated. Yap Chu-Phay has discussed the admissibility of this postulate 
favorably. 

If the solute is then the same regardless of the kind of excess phase, the 
apparent latent heats of solution should differ due to the (negative) heat of 
formation of cementite. Calculations made so far do not indicate an appropriate 
difference which may not be convincing for the reason that the supporting data 
have not been unqualifiedly acceptable. It is precisely on this account that one 
so greatly regrets that Dr. Wells did not give us two fairly widely separated 
points on Aer. These might have been accepted with considerable confidence 
and left only the uncertainties as to ideality of solution to worry the thermo- 
dynamicist. 

If there were two solid solutions differing in kind of solute, rather than 
in crystallography only, then the depression of the y-a transformation differ- 
ing because the molar concentration for a given weight concentration of carbon 
would differ, would produce two As-2 lines as already discussed. Here again 
Dr. Wells’ methods are calculated to give much light, but no data are pub- 
lished. This is particularly unfortunate for these rather dilute solutions probably 
justify treatments by the solubility laws particularly well. Under these circum- 
stances it appears to this commentator that Dr. Wells’ new data have little 
bearing upon the validity of the postulate that “boydenite” exists. 

For the benefit of those readers whose interest in the question of two solu- 
tions has not been sufficient to motivate detailed’ study, may one here repeat 
that evidence has been adduced (author’s-.reference 29) that there is a dis- 
continuous change in resistivity during graphitization consistent with the 
assumption that the stable solution is of higher resistivity than the metastable 
for equal carbon content. : 

In an oral communication, at the last Metal Congress, which unfortunately 
was not printed, it was reported that C. T. Nusbaum had shown the lattice 
parameter of gamma iron solutions in equilibrium with graphite to be smaller 
than that of the solution in equilibrium with cementite, the parameter being 
measured at about 850 degrees Cent. Nusbaum believed the difference to be 
several times as great as any uncertainties in his observations even if corrected 
for the difference in carbon content. The actual parameters obtained at 850 
degrees Cent. were 

Stable solution 3.6410 + 8A 
Metastable solution 3.6734 + 16A. 


Dr. Wells’ dilatometric data are in the direction of a less dense stable 
solution than the metastable. Density is of course first an expression of lattice 
parameter but also second of whether a solution is additive or substitutional. 
Consider a cell of gamma iron with a carbon atom at the center; its mass 
(H = 1.65) is 389 ie. 1.65 (4X 56+ 12). Its volume (A)* is 3.6734* = 49.57 
(about). A cell in which carbon substitutes for 1 face-centered iron atom has 
amass of 333 i.e. 1.65 (31%4X56+%4X12) and a volume of 3.641°=48.27. The 

49.57 48.27 
0.13 and ——— = 0.145 respectively which is to 


389 333 





specific volumes are 
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say that the solution of smaller lattice parameter may have the lower density, 

These data are included here with apologies to Dr. Wells. They represent 
facts important in the two-solution theory of a character not relevant to his 
approach to the subject. 

Written Discussion: By J. B. Austin, Research Laboratory, United 
States Steel Corporation, Kearny, New Jersey. 

As Dr. Wells has pointed out, calculations based upon reliable data for 
equilibrium in the reaction of carbon dioxide with iron have clearly indicated 
that iron carbide is thermodynamically unstable at temperatures below 1100 
degrees Cent., and this view is supported by a number of direct observations on 
graphitization which have been reported in recent years. In spite of the 
unmistakable implications of this evidence, a number of people, especially our 
Far-Eastern colleagues, have continued to debate the point, buttressing their 
arguments with thermodynamic calculations which lead one to wonder some- 
times whether the word “Asiatic” should be spelled with one “s” or two. 
Now, thanks to Dr. Wells’ careful and comprehensive investigation, the matter 
is settled beyond question or quibble. For this service he deserves our gratitude. 

The change in the relative stability of cementite and graphite at 1200 degrees 
Cent. which is suggested by his data may prove to have considerable significance 
in connection with the question as to the form in which carbon exists in liquid 
iron. It would be very interesting and useful, therefore, to have a careful 
Occidental review of the thermodynamic data on this temperature range to see 
whether an independent confirmation of this reversal can be obtained. 

Written Discussion: By Evan F. Wilson, associate metallurgist. 
Bureau of Mines, Pittsburgh. 

Dr. Wells presents a noteworthy contribution to the study of secondary 
order graphitization. His work is characterized by well planned methods, 
an orderly technique and careful interpretation of the experimental results 
The observance of required precautions such as selection of alloys of high 
purity, use of a high sensitivity dilatometer of explored accuracy, adequate 
temperature regulation with extrapolation to zero rates of approach to equi- 
librium, minimizing of temperature gradient within the specimen, and the 
isolation of atmospheric effects from the thermal equilibrium, all are indicative 
of comprehensive precision methods. 

Remarkable among Dr. Wells’ efforts to reduce influencing factors to 
those most permissible of interpretation is his use of a metal which has never 
attained the molten condition as a binary alloy. This permits the establish- 
ment of a solid state, uninfluenced by the persistence of modifications acquired 
during the liquid state. Good evidence exists to indicate that a substantial 
heredity is conferred on technical metals by the maximum state of solubility 
attained, particluarly where phase changes are involved. It is well to emphasize 
that in this investigation the amount of dissolved carbon has at no time exceeded 
that which occurs in solid solution. 

The above control factor is important in confining nucleation te that which 
is effected from solid solution properties. Among other limitations, it results 
in carbide of uniform purity quite unaffected by solidification differences. !t 
prevents the formation of a segregate pattern with the introduction of such 
complexities that a maintained heterogeneity can bestow. The position of 
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graphite nuclei in relation to the internal structure and the subsequent carbon 
or carbide diffusion characteristics remain concerned only with a restricted 
thermal history. The observation of graphite precipitation at the austenitic 
grain boundaries, as noted by Dr. Wells, becomes more significant because of 
these limited conditions. 

The matter of graphite nucleation receives its deserved emphasis among 
the conclusions derived in this paper. Its action is shown to be significant in 
the kinetics of the solid state—a matter of which conclusive evidence has not 
been available until now. Previous failures to graphitize chemically separated 
carbide or occasional experimental melts are most probably related to our 
limited knowledge of solid state nucleation. It has, furthermore, complicated 
the problem of correlating the thermodynamic tendency of the graphitizing 
operation with the standard kinetic processes at existing experimental condi- 
tions. 

The apparently more pronounced metastability of the low carbon binary 
alloys appears most plausibly related to minimized nucleation. This is charac- 
teristic of dilute solutions since the concurrent concentration of solute atoms in 
multiples beyond those of local solubility is definitely less probable. 

The conduction of the graphitizing process in vacuo permits the establish- 
ment of a base condition to which atmospheric effects can be compared. It 
appears generally acceptable that the oxygen content in equilibrium with the 
carbide is definitely higher than that with graphite. Beyond this knowledge 
our acquaintance with auxiliary effects due to the atmosphere is quite indefinite. 
Some indications that nucleation is related to gas reactions are yet to be con- 
sidered. 

I believe that Dr. Wells is quite justified in rejecting the data of Séhnchen 
and Piwowarsky both on thermodynamic grounds and their own lack of experi- 
mental reproducibility. The separated S’E’ line for the stable diagram appears 
assured as well as the existence of the double eutectoid transformation. 
Furthermore, the formation of graphite at temperatures apparently but slightly 
above that of the metastable eutectic and without the precipitation of cementite 
is of singular importance. Besides establishing the double lines of equilibrium 
for the two systems, it produces definite evidence that graphite is stable some- 
what above the solidus range. 

The existence of solid solutions whose volume characteristics differ accord- 
ing to the nature of the solute, either carbon or carbide, appears acceptable in 
view of the careful dilatometric measurements. This is significant not only 
in the alloys of present consideration but in technical steels of lower carbon. 
The probable difference is only one of degree. Dr. Wells has carefully avoided 
speculation on a matter of extreme interest but of incomplete exploration in 
view of its great importance. Confirmation and further studies by X-ray 
methods would be most desirable. 

[ wish to congratulate Dr. Wells on his contribution which is not only 
outstanding in its kind but serves as an excellent model for experimental work, 
well conceived and well executed. 

Written Discussion: By W. J. Diederichs, The Autocar Company, 
Ardmore, Pa. 


This paper has been read with great interest for it throws much light on 
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our knowledge of stable and metastable situations in iron-carbon alloys and on 
various points upon which, as mentioned by the author, there are differences 
of opinion. His evidence that iron carbide, even in alloys of great purity, is 
unstable seems conclusive as does also the evidence that complete graphitization 
can be accomplished at temperatures above a: metastable (between a: metastable 
and a: stable) which seems good evidence that there is an iron-carbon eutectoid 
transformation. This also implies that graphite formed directly from austenite, 

The discussion of the mechanism of graphitization, the double diagram 
presented and results are very complete and it interests us particularly that the 
conclusion is drawn that only graphite can form between the composition and 
temperature ranges included in the areas S’E’ES and P’S’SP. We have felt 
that this must be true. 

Hays, Flanders and Moore,’ employing commercial material and thermal 
methods, encountered the difficulty of the effects of a: stable and a: metastable 
superimposing, just as did the author employing dilatometric methods. By an 
ingenious preparation of samples they clearly show, upon heating, the shift of 
the heat effect from that due to a: metastable to that due to a: stable as the 
amount of pearlite in the sample is reduced. They also determined the a, 
stable and a: metastable temperatures by extrapolating to zero rates. They 
report a: stable 12 degrees Cent above a: metastable. The author reports 15 
degrees Cent. in high purity alloys. The actual temperatures do not agree, of 
course, because of the effects of manganese, silicon, etc. Though the effect of 
these additions upon the individual temperatures may not necessarily be the 
same, we feel that the agreement within 3 degrees Cent. as to their separation is 
significant and points to the accuracy of both investigations. 

In reading the paper, we have gained the impression that the graphitized 
structures shown in Figs. 27, 28, 29 and 38 are those giving dilatometer records 
on heating similar to those shown in Figs. 16B and 21A. If so, the presence 
of a surprisingly little carbide is sufficient to indicate the a: metastable point 
on the record and interfere with the determination of the start of the a: stable 
reaction. It indicates in addition the great sensitivity of the dilatometer. 

We note the caption under Fig. 27 stating in part, “Showing the alloy 
was completely graphitized except for traces of carbide mostly close to the 
surface,” and wonder whether removing a slight amount of surface material 
from a graphitized sample and running a heating record would eliminate the 
effects of the a: metastable transformation. 

The paper is a valuable and outstanding contribution to the literature in 
this field. 


Oral Discussion 


Joun CuipMan:* Certainly the author has done a tremendous service to 
us in straightening out that portion of the iron-carbon diagram concerning which 
there has, in the past, been the greatest amount of uncertainty. I think we 
can say now that this particular line is exceedingly well established and cannot 
be grossly in error; it probably is within the limits which Dr. Wells’ claim of 
five degrees. The discussion has revolved around the existence of two aus- 


1TRANSACTIONS, American Society for Steel Treating, Vol. 5, 1924, p. 183. 
“Department of metallurgy, Massachusetts Institute of Technology, Cambridge, Mass. 
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tenites, and it is rather a pity that this controversial discussion has perhaps 
obscured some of the finer points of the experimental attack which are cer- 
tainly to be complimented. 

However, the existence of two austenites of largely different parameter 
would be a thing of great fundamental importance and it should, therefore, be 
studied with considerable care. It should be pointed out that this is not 
the only explanation of the results obtained. Actually the experiments do not 
determine the volume directly nor do they determine the specific gravity. 
The experimental determination is that of length and, more precisely, not that 
of length but of change in length of the specimen. Now, from a change in 
length and from an original length, we can compute a volume and that is what 
Dr. Wells has done, but there are other anomalies which have occurred in the 
length observation and Dr. Wells has suggested that when the whole explanation 
is known, the two anomalies will turn out to be interrelated, and, in that, I 
believe he is correct. The other anomaly in length is a break in the expansion 
curve in the neighborhood of 450 to 600 degrees Cent., which is not yet ex- 
plained, but we hope that it will be in the future. I think that those two 
anomalies are indeed related and that the change in length from which he has 
inferred a difference in volume of the austenite should rather be related to 
something which has occurred, not in the austenitic range at all, but in the 
ferritic range in which this break occurred. The three breaks shown in Fig. 21 
occurred at 470, 540 and 590 degrees Cent., temperatures so far below the 
A: temperature that it is difficult to see how they could be related to any 
property of the austenite. ' 

I might remark also that if there are two distinct austenite solutions and if 
the difference persists throughout the austenitic field, then indeed there should 
be two GS lines as Dr. Schwartz suggests. This cannot be pronounced 
impossible but it seems very improbable. 

Howarp Scotr:* I would like to comment in line with what Dr. Chipman 
said about the accuracy of determinations of density at high temperatures from 
dilatation curves. We just ran into a rather striking phenomenon in the case 
of a dilatation specimen. We usually use one of two types, either a cylinder 
with a square end on it or one with a spherical end fitted into a cone. Now 
in these transformations in iron alloys, the transformation tends to roughen the 
surface due to the fact that individual grains transform one at a time, so that 
in the case of a flat specimen you will get a roughening of the surface and 
naturally a false indication of the length change. The effect is much less in 
the case of a specimen with a spherical end, because you have line contact or 
only several points of contact. That fact perhaps may have something to do 
with the discrepancy you mentioned between your results and Prof. Nusbaum’s. 
It was brought out strikingly in respect to the Ars transformation in alloys 
which transformed below room temperatures. When this transformation starts, 
it kicks the dial gage so that the needle moves in jumps. 


Author’s Closure 


The author is very grateful to the discussers for the presentation of their 





*Westinghouse Electric and Manufacturing Co., East Pittsburgh, Pa. 
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helpful and interesting discussions and feels very much encouraged by their 
complimentary remarks. 

Dr. Schwartz probably intends his discussion to refer primarily to hypo- 
eutectic alloys (see Fig. 52) when he points out that the results of the present 
investigation have confirmed the point of view that cementite is metastable at 
all temperatures in the solid state. Actually cementite has been shown by 
direct experiment to be unstable between 700 and 1125 degrees Cent., but at 
higher temperatures, especially between 1200 and 2000 degrees Cent.,* its 
melting point (or dissociation temperature if it dissociates before melting), 
it may become stable. From time to time the above commentator -has expressed 
regret that more data were not given in support of the conclusions drawn. Such 
data would undoubtedly be quite valuable, especially those which could be 
used in the experimental determination of the GS’ line (Fig. 49), but obviously 
for various reasons given in the paper such data are extremely difficult to 
secure and if ever obtained, it certainly will be only as a result of a very time 
consuming investigation (possibly many years). To date no one has published 
evidence of a complete graphitization of a single high purity hypoeutectoid 
iron-carbon alloy, and only in one instance has evidence been published of a 
complete graphitization of a plain low carbon low silicon alloy (0.15 per cent 
carbon, 0.49 per cent manganese) and this was a result of a two-year treatment.’ 
Only after 100 or more hours of suitable heat treatments could even traces of 
graphite be produced in the present investigation in alloys containing less 
than 0.6 per cent carbon. Two high purity alloys containing between 0.5 and 
0.6 per cent carbon are now to be heat treated for 5000 hours (about 6 months) 
by Dr. Schwartz for the author in an effort to graphitize them completely, but 
success is by no means assured. 

It is essential that the data presented in the present investigation be accepted 
as accurate and consistent before the conclusions drawn can be fully justified 
For this reason details were given of the conditions necessary for the production 
of accurate and reproducible results and of the precautions taken to secure those 
conditions (pages 299 to 301 and page 312). In view of the above procedure, it 
was thought that readers, before drawing their conclusions would only use 
comparable data in studying the results published in the present paper. Un- 
fortunately, however, data that are reproducible, but not at all comparable, 
have been compared and interpreted in refutation of the author’s conclusions. 
The conditions used in securing the data of Fig. 10, referred to by Dr. 
Schwartz, are very different from those used in securing the data of Fig. 18 
(A and B). In the first place (before heating) little heterogeneity was allowed 
to develop in the alloys containing 0.95 and 0.97 per cent carbon (Fig. 17), but 
a considerable amount, which could not be avoided, was developed in the 
0.75 per cent carbon alloy (Fig. 11); secondly, the two transformational 
changes, alpha + carbide —> gamma and alpha + graphite —> gamma, took 
place in the 0.75 per cent carbon alloy (Fig. 10—Curves B and D) during 
heating, but not in the 0.95 and 0.97 per cent carbon alloys (Fig. 17), and 
thirdly, comparatively large graphite masses (difficult to dissolve) were 


‘H. Gréber and H. Hanemann: ‘‘Aufbau des Graphits und Zementits in uber- 
eutektischen Eisen-Kohlenstoff-Legierungen.” Archiv. fiir das Eiseniittenwesen, October 
1937. p. 199. 

5Reference 14. 
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developed in the 0.75 per cent carbon alloy, but only small masses (easy to 
dissolve) were allowed to develop in the higher carbon alloys. Other reasons 
why the data referred to by Dr. Schwartz are not comparable are given in the 
paper and will not be rediscussed here. 

Surprise (if not doubt) is expressed by Dr. Schwartz that the author’s 
high purity (oxygen-free) iron-carbon alloys do not decarburize in vacuo. It 
should be understood, of course, that oxygen in steel or in inclusions probably 
causes decarburization to occur during a vacuum heat treatment at high tem- 
peratures. Possibly this explains the results of Dr. Schwartz. That no decar- 
burization occurs beyond the limits of the experimental methods used to deter- 
mine the loss of carbon, provided the vacuum is sufficiently high (say less 
than 1 micron), has been quite conclusively proved by (a) microscopic studies 
of a severely heat treated eutectoid alloy, (b) dilatometric studies of a number 
of hypoeutectoid alloys, before and after being severely heat treated, (c) 
chemical analyses for carbon of severely heat treated specimens (after testing) 
and of adjacent pieces in the alloys. By these methods the order of carbon 
loss was proved to be less than 0.005 per cent carbon. For further details 
relating to these methods and the results obtained, see a previous publication.® 
The inference of Dr. Schwartz that the dilatometric specimens (0.95 and 0.97 
per cent carbon) were not analyzed for carbon is wrong. Emphasis that they 
were analyzed is now given in Table I. 

The remainder of Dr. Schwartz’s comments relate primarily to a discus- 
sion of the reliability of the iron-carbon equilibrium diagram determined in the 
present investigation and of the possibility of the existence of two solid solutions 
of austenite. Referring to the diagram (Fig. 49), this commentator claims 
that the most probable precision of the carbon content at eutectoid composition 


(stable system) might be 


0.03 per cent carbon; this estimate, the author 


believes, is too high. An accuracy of + 5 degrees Cent. is claimed for the 
S’E’ line between S’ and B and 3 degrees Cent. for the line P’K’ and the slope 


0.27 


is about < (0.27 per cent carbon per 100 degrees Cent.) giving 0.015 per cent 


carbon as the most probable precision on a basis of Schwartz’s method of 
calculating it. The carbon content at eutectoid composition (stable system) is 
believed to be 0.69 + 0.015 per cent and the temperature 738 + 3 degrees Cent. 
The author does not accept the discussers’ inference that the difference (0.1 per 
cent carbon at the eutectoid temperature, stable system) between Ko6rber and 
Oelsen’s’ GS and GS’ lines is small. 

The suggestion of Dr. Schwartz that two states of austenite (austenite and 
boydenite) may exist, depending on whether the carbon dissolved in it comes 
from graphite or carbide, is not accepted by the present author, especially in 
view of his belief that under equilibrium conditions composition temperature 
and pressure fixes the state of the austenite. The two problems, that of deter- 
mining whether or not GS and GS’ should be represented by two lines or a 
single line in the combined equilibrium iron-iron carbide and iron-carbon dia- 


grams (Fig. 49) and that 


—._., 


®Reference 19. 
TReference 8. 


of determining whether one or more equilibrium 
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austenites (different solutes) can exist, are interrelated. If one proves the 
existence of two or more solutes in equilibrium austenite, then one justifies the 
use of two lines GS and GS’ to represent equilibrium in the above mentioned 
diagrams, and conversely. Since the writing of the paper it has not been 
possible to secure more data to prove definitely whether or not more than one 
austenite can exist; however, for reasons already stated (pages 341 and 342) 
and for others which are given below, it seems to the author that GS and GS’ 
may be truly represented within narrow limits (3 degrees Cent. or so) in the 
double diagram (Fig. 49) by a single line. Dr. Schwartz apparently believes 
that even if GS and GS’ are represented within the above narrow limits by a 
single line, there may be still a possibility of the existence of two austenites, 
one in which the carbon atoms enter the interstices of the Y iron lattice and 
the other in which the carbon atoms replace iron at the lattice points. That two 
kinds of carbon atoms exist, one capable of taking up one position in the iron 
lattice and a second another, cannot be accepted at present by the author, as 
he believes the evidence is overwhelmingly against it. Reasons which may be 
offered to justify the drawing of the single line (GS and GS’—Fig. 49) in 
the diagrams referred to above are given below: 

1. The Acs temperature of an alloy (0.15 per cent carbon, 0.49 per cent 
manganese) previously containing austenite (carbon from graphite) plus ferrite 
is identical with that of the same alloy previously containing austenite (carbon 
from carbide) plus ferrite within 1 degree Cent. (Fig. 53—Curves B and C). 
The alloy (Curve A) was quite heterogeneous before heating at 1000 degrees 
Cent. for 34 of an hour which accounts largely for the difference in general 
appearance between Curves A and B and A and C respectively. Such an effect 
of heterogeneity on the dilatometric behavior of iron-carbon alloys has been 
previously observed in high purity iron-carbon alloys containing no graphite. 
The effect of heterogeneity on Acs temperatures has been discussed in an earlier 
publication.’ It is believed the above results justify the representation of GS 
and GS’ (Fig. 49) by a single line at least over about 4% of the GS’ length. 
Since the difference between the Acs data (Curves B and C—Fig. 53) is less 
than 1 degree Cent., it is unlikely that there could be more than 4 degrees Cent. 
difference between comparable Acs data under the different conditions above 
referred to even for an alloy of stable eutectoid composition (0.69 per cent 
carbon). The uncertainty of carbon content in the eutectoid would not be 
increased by more than about 0.03 per cent carbon if the GS and GS’ line 
(or lines) is drawn with the uncertain ordinate distance (4 degrees Cent.) 
referred to above. As lines calculated from heat content data® indicate that the 
As temperature in a 0.15 per cent carbon alloy would differ by 2 or 3 degrees 
Cent. and that in 0.69 per cent carbon alloy by 10 degrees Cent. if the solute 
were changed from C to FesC or conversely. The author believes that a differ- 
ence between Ac; temperatures of 2 to 3 degrees Cent., although quite small, 
would have been indicated in his tests if such a difference had existed, and cites 
his results as evidence in favor of a single line GS and GS’, and against the 
suggestion of two equilibrium austenites, one having FesC and the other C a: 
solutes. 


TReference 19. 
8Reference 8. 
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2. In the numerous thermodynamic papers which the author has studied 
and which relate to studies of the stability of cementite, he has noted that all 
the data presented are consistent in that they invariably show the stability of 
cementite to increase with temperature. This being so it is considered the more 
likely that lines S’E’ and SE (Fig. 49) approach each other at high rather 
than at low temperatures. If the lines S’E’ and SE were drawn parallel to 
each other (one assumed limiting case) and passed through the data points 
the eutectoid point would occur to the right of S’ (0.71 per cent carbon instead 
of 0.69 per cent), and the maximum temperature difference indicated between 
GS and GS’ lines (at 0.7 per cent carbon) would be of the order of 2 degrees 
Cent. On the other hand, suppose that the line S’E’ drawn through the data 
points (Fig. 49) were given a lesser slope with respect to the composition axis 
(this is apparently consistent with all the thermodynamic data) then the point S’ 
should fall to the left of S’ as now drawn and the line GS’ below GS. This is 
the reverse of what would be expected if FesC from carbide and C from graphite 
dissolve and persist indefinitely as such in austenite, which is apparent from 
the As lines calculated from heat content data.’ From the thermodynamic treat- 
ment by Koérber and Oelsen,” it is shown that if an austenite, saturated with 
carbon at 738 degrees Cent., had FesC as solute, it should contain about 0.09 
per cent less carbon than if the austenite, similarly saturated with carbon at 
738 degrees Cent., had carbon as solute; i.e., under such conditions the point S’ 
should be moved to the right (to 78 per cent carbon from 0.69 per cent), in 
which case the S’E’ line would cross the SE line at about 600 degrees Cent. 
below which temperature FesC should be-stable. Actually, it is well known that 
this is not the case. It seems, therefore, that the assumption of two solutes, FesC 
and C in austenite, (under equilibrium conditions) is invalid, and it is quite 
probable that GS and GS’ is correctly represented by a single line (within 
3 degrees Cent.) in the double diagram (Fig. 49). There seems to be no 
thermodynamic data in the literature that allows calculations to be made of 
distances between GS and GS’ lines on the assumption of the possible forma- 
tion of two austenites, with carbon atoms arranged in interstices of the Y iron 
lattice and at lattice points respectively. If such calculations could be made 
they might very well prove the distances to be quite small (say much less than 
3 degrees Cent. at 0.7 per cent carbon. 

3. A third reason, previously offered in support of the author’s belief 
that GS and GS’ should be drawn as a single line, is that the point S’ occurs 
(a) on the same straight line which passes through Gutowsky’s and the author’s 
data, (b) on the smooth curve GS and at the same time (3) on the eutectoid 
line P’S’K’. In other words, all the data presented and the extrapolations 
involved are as a whole quite consistent with the viewpoint that GS and GS’ 
fall on the same straight line. 

Both the data of the author and Dr. Nusbaum indicate that the austenite 
containing carbon from graphite (possibly nonequilibrium austenite) is less 
dense than that containing carbon from carbide; however, the results of these 
two investigators are not in agreement, for the data indicate that the parameter 
of the austenite containing carbon from graphite should be greater according 


*Reference &. 
“Reference 8. 
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to Wells and less according to Nusbaum than austenite containing carbon from 
carbide. It may be that Dr. Nusbaum’s alloys were further from equilibrium 
than those of the author when tested, especially if, before heating to 850 degrees 
Cent., his alloys contained large and therefore difficultly soluble graphite masses. 
Schwartz’s results” show that in a graphitized alloy (5.07 per cent carbon) 
after heating 434 hours at 940 degrees Cent. only 0.08 per cent carbon was 
dissolved. According to Fig. 49 about 1.2 per cent carbon should have dis- 
solved in the austenite. That less carbon was dissolved in Dr. Nusbaum’s alloy 
at 850 degrees Cent. than should be under equilibrium conditions seems to be 
indicated by a comparison of his and Esser’s” extrapolated results. Such a 
comparison indicates that the austenite of Esser’s iron (about 0.03 per cent 
carbon) if it existed at 850 degrees Cent. would have about the same parameter 
as that of Nusbaum’s iron-carbon alloy (supposedly saturated with carbon from 
graphite at 850 degrees Cent.). Another conclusion (not justified at present) 
might be that both Esser’s and Nusbaum’s results are correct on the assumption 
that when carbon from graphite dissolved in Y iron it does not change the 
parameter of the y iron. A comparison between the results of Esser, Nusbaum 
and Wells relating to the parameter of austenite with carbon from carbide in 
it shows excellent agreement. At 850 degrees Cent. the parameter of this 
austenite with 0.95 per cent carbon in it should be 3.668 according to Esser 
and Nusbaum and 3.660 according to Wells. Wells’ results were calculated 
from accurate room temperature X-ray data and his dilatometric results. 

Mr. Scott suggests that the influence of the roughening of the surface of 
the author’s dilatometric specimens during tests may have given a false indica- 
tion of length changes, which might explain the discrepancy between his and 
Nusbaum’s results. This is unlikely because (1) while the results of these two 
investigators relating to the parameter of Y iron containing carbon from graphite 
were in disagreement, those relating to the parameter of Y iron containing 
carbon from carbide were in excellent agreement, (2) almost closed loops 
(Figs. 9 and 17) were obtained and (3) the author’s results were reproducible. 

Dr. Chipman has pointed out that the existence of two austenites of largely 
different parameters would be a thing of great fundamental importance. This 
is especially true if two such austenites could exist under equilibrium conditions. 
The author agrees with Dr. Chipman that the anomalous break in the dilato- 
metric curve below A: and the anomalous expansion in austenite, previously 
discussed, are related, and is interested in his viewpoint that the calculated 
difference in volume of the austenite should be related to something which has 
occurred, not in the austenite range at all, but in the ferritic range in which 
the break occurred. With respect to the subject of calculation of the density 
of austenite from dilatometric results, referred to by Dr. Chipman, it may be 
added that the procedure seems to be justified providing (a) plastic deformation 
occurs to only a negligible extent, and (b) the alloy considered behaves 
isotropically with respect to volume. The author is in complete agreement with 
Dr. Chipman’s views relating to the GS and GS’ lines. 

Dr. Austin has emphasized that there is apparently no good reason what- 


“Reference 13. : ; 

2H. Esser and G. Mueller, “Die Gitterkonstanten von reinem Eisen und Eiset 
Kohlenstoff-Legierungen bei Temperaturen bis 1100°,’”’ Archiv fiir das Eisenhiittenwese", 
1933, 7, 265 
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ever for believing that cementite is stable below 1100 degrees Cent., and it is 
hoped that this viewpoint will now be universally accepted. While writing the 
reply to the discussion of the present paper, Dr. J. C. Warner brought to my 
attention a publication of a paper by Kelley® in which such a review of thermo- 
dynamic data as Dr. Austin wishes to see has been made and the agreement 
between the present author’s conclusion and that based on thermodynamic 
results is excellent. Kelley conciudes that for the equation 3 Fe(y) + C(S — 
graphite) = FesC(S), A F° = 3,780 + 1.98T log T + 0.58 X 10°T? — 
0.584 X 10°T* — 9.66T. From this equation A F° = 0 at 1480°K (1207°C); 
i.e. FesC becomes stable above about 1480 degrees Kelvin or 1207 degrees Cent. 
In the present paper extrapolated results indicate that iron-carbide should 
become stable at about 1200 degrees Cent. 

Mr. Diederichs has apparently read the paper very carefully and subscribes 
generally to the author’s viewpoints. The removal of the surface material 
containing all the carbide in a graphitized specimen should, of course, as Mr. 
Diederichs suggests, make it possible to eliminate any masking effect of the 
Ac: metastable transformation on subsequent transformations during heating. 

The author is pleased that Mr. Wilson has discussed the contribution 
made in the present investigation to the study of secondary order graphitization, 
and is in general agreement with the viewpoints expressed by the discusser with 
the exception that he is not yet prepared to conclude that there is a difference 
in the nature of the solute in austenite, depending on whether the carbon in 
that austenite comes from graphite or carbide. 

In summarizing the reply to the discussion one may note that the author 
believes (1) the iron-carbon diagram as given in Fig. 49 (including S’B but 
not BE’) is accurate to within about 5 degrees Cent., (2) equilibrium austenites 


having different solutes, depending on whether the carbon dissolved comes from 
graphite or carbide, do not exist. 


Soars K. Kelley, “Contributions to the Data on Theoretical Metallurgy, VIII. The 


407, p oo Properties of Metal Carbides and Nitrides.” Bureau of Mines Bulletin 








THE INITIAL STAGES OF GRAPHITIZATION 
By H. A. SCHWARTZ AND MartTIN K. BARNETT 


Abstract 


This is a re-investigation of the course of the time- 
graphite curves with special reference to the interval when 
but little graphite has formed. 

It is shown that the previously established relation in 
which graphite is proportional to the 3/2 power -of time 
may be preceded by an interval in which graphite in- 
creases, very slowly, in direct proportion to time. This 
interval is probably that considered by other investigators 
to be an incubation period before the start of any reaction. 


INTRODUCTION 


OME twelve years ago one of the authors showed (1)* that the 

curve connecting graphite formed with heat treating time, for 
white cast iron, has a well defined and somewhat constant form such 
that up to the point where about one-half the available combined car- 
bon has graphitized, the amount of graphite formed is proportional 
to the 1% power of the time. The conclusion was supported by ex- 
perimental evidence and shown to be in accord with a very probable 
mechanism of graphitization. 

Schiiz and Stotz (2) show that there may be in some cases a sort 
of incubation period which must elapse before the graphitizing re- 
action can begin or at any rate before it can reach a measurable rate. 
Their data suggest that this phenomenon occurs particularly in low 
silicon or high sulphur irons. 

Some writers seem still to view the decomposition of cementite 
as a simple monomolecular reaction in which the logarithm of the 
ungraphitized carbon available for graphite formation decreases as 
a linear function of time. While this relationship fits well the Jatter 
part of the time-graphite curve, it can have no logical foundation if 
graphitizing rate is profoundly influenced by number of graphite 
nuclei, a fact which has been amply demonstrated (3). 

Some effort was made in this laboratory (4) to represent certain 

1The figures appearing in parentheses pertain to the references appended to this paper. 


A paper presented before the Nineteenth Annual Convention of the Society 
held in Atlantic City, October 18 to 22, 1937. Of the authors, Dr. H. A. 
Schwartz is manager of research and Martin K. Barnett is research chemist, 
National Malleable and Steel Castings Co., Cleveland. Manuscript received 


April 2, 1937. 
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data in this way and the locii of the graphite-time curves at 700 
degrees Cent. (1290 degrees Fahr.) were shown to intersect the 
line of zero graphitic carbon at times ranging from 40 to 350 hours. 

Those who wish to disregard the reasoning of the first reference 
are still confronted with an “incubation” time and can not logically 
explain the effect of changes in nuclear number. 

Since there is thus evidence of a certain hesitancy, an inertia 
as it were, in the starting of the graphitizing reaction, there seems 
use for a study of the very early stages of the reaction in order to 
secure more, and better, data regarding the relation of time and 
graphite in the initial period of the process. 


EXPERIMENTAL PROCEDURE 


The experimentation consists of the familiar procedure of heat- 
ing metal for known times at known temperatures and analytically 
determining the graphite formed. Since we are concerned with more 
than the usual precision in the determination of graphite, but never 
have to deal with high percentages, an abnormally large sample of 
say 10 to 15 grams is indicated. This not only gives a large amount 
of graphite for a given concentration but provides some insurance 
against lack of uniformity of graphite distribution in the sample. 

In order to have rapid heating to the experimental temperature, 
the sample should be thin and strips % inch thick and 1 inch wide 
were cast, about 8 inches long from which pieces of a length to give 
a weight desired for the sample were broken. All the strips were 
poured from a single ladle of iron. Approximate uniformity of 
freezing and cooling rate is secured by the uniformity of cross sec- 
tion, of molding sand and of pouring temperature. Since we are not 
yet prepared to discuss the relation of the results secured to composi- 
tion, etc., of the iron, it suffices to say that the present metal was one 
normally produced for automotive use. We refrain from recording 
its analysis and manufacturing methods lest misapprehension. arise 
as to the relation of composition and other variables to the phe- 
nomena under consideration. It is important to point out that we 
are quite aware that other normal irons may give different results. 

The apparatus consisted of a lead pot standing in a “Hump” 
furnace whose temperature was automatically controlled by a thermo- 
couple outside the pot. This arrangement maintains the lead pot at 
amore nearly constant temperature than the furnace because of the 
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lag due to its heat capacity. The furnace temperature was kept 
constant within a total range of about 5 degrees Cent. (9 degrees 
Fahr.). How much of this variation was damped out by the thermal 
capacity of the charge is not known but it is probable that the lead 
temperature was constant within about 1 degree Cent. It is not un- 
likely that constancy of temperature is important in such experi- 
mentation. 

Heat treatments were conducted at 900, 800, 700_and 600 de- 
grees Cent. (1650, 1470, 1290 and 1110 degrees Fahr.). These 
temperatures are somewhat nominal and may be in error by 10 
degrees Cent. (18 degrees Fahr.) or so. 


EXPERIMENTAL DATA 


The experimental data collected are given in the following table. 
Since each sample was dissolved and burned as a whole, it is impos- 
sible to make duplicate analyses. We did not wish to double the size 
of the specimen in order to avoid undue cooling of the lead by the 
introduction of a sample. Experience has shown that using one 
gram samples, duplicate graphite determinations on samples contain- 
ing from 0.10 to 1 or 2 per cent graphite might differ by from 0.02 
to 0.05 per cent. It seems likely that the data of the table differ 
from the correct values on the actual samples used by decidedly less 
than 0.005 per cent on account of the size of the sample used. 


EVALUATION OF DATA 


Since the purpose of the present paper is to generalize regard- 
ing the form of the graphite-time curve near the origin, the experi- 
mental data must be treated somewhat exactly and formally. We 
must enquire into their meaning by mathematical means rather than 
content ourselves with curves drawn in by inspection. The data at 
700 degrees Cent. (1290 degrees Fahr.) will serve well as a basis 
for the exposition of the considerations involved. 

In Fig. 1 the observational data at 700 degrees Cent. (12% 
degrees Fahr.) are plotted graphically. Our problem is' to draw 
through the array of points the most probable curve from whose 
parameters we wish to draw further conclusions. 

If we make the assumption of the first reference that for a con- 
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Table I 
Per Cent Graphite After Various Heat Treatments 


initial Value 0.007, 0.006, ots 0.008, 0.008, 0.013%, 
0.009, ave. (neglecting 0.013) = = 0.007. 


900 Degrees Cent. 800 Degrees Cent. 700 Geosis Cent. 600 Degrees Cent. 
Per Cent Per Cent Per Cent Per Cent 
Minutes Graphite Hours Graphite Hours Graphite Hours Graphite 
5.3 0.009 1.84 0.015 8.7 0.008 26.41 0.007 
8.5 0.009 2.55 0.012 15.15 0.016 47.58 0.008 
11.2 0.017 2.85 0.012 20.43 0.017 73.16 0.016 
11.9 0.016 3.32 0.011 23.87 0.025 97.83 0.014 
14.0 0.017 4.52 0.019 40.71 0.040 122.80 0.034 
15.5 0.067* 4.98 0.012 42.65 0.024 145.75 0.040 
18.9 0.013 6.37 0.020 54.00 0.071 159.17 0.031 
20.0 0.019 7.00 0.016 63.50 0.083 185.83 0.048 
21.0 0.005* 7.80 0.034 64.07 0.041 215.25 0.151 
23.3 0.021 9.25 0.046 71.25° 0.178 238.00 0.140 
26.0 0.035 10.00 0.104 76.25 0.273 256.25 0.167 
28.3 0.025 10.33 0.074 84.42 0.468 263.58 0.282 
31.0 0.024 11.18 0.119 89.08 0.438 279.08 0.157 
33.0 0.029 12.20 0.087 94.38 0.296* 284.66 0.307 
35.0 0.025 12.73 0.091 hive: Qirieee: «ssi oS aS 
37.0 0.023 13.18 0.142 159.92 oY SE age oe tga 
40.0 0.045 13.72 aR RE Re ES: etme. Meee eae 
ote sbnh's 13.80 RMS o se vine be So a eee eh oo! ppatpee eee 
42.0 0.050 14.10 RS oe eigees seals eae ceed 
44.0 0.010* 14.58 REM eA og Ak chee or weit eee 
48.0 0.055 14.76 cE i wk 0 0 ck ale. 8 ee ee ovtoes 
58.5 0.076 chiens cok © web ee 7 SM Rp ee a a aeuas 
64.5 eee so oie cae wie) Ess oes sdlkce OP! Sew deters .2 eel 
67.0 eee o> dawg See es Seen Sewed  See be eee! eemea 
72.0 0.123 ceo ee bee BAe cl, waa ee gamete ee So ae tae ewes on fo a 
70.0 ae: toeee eee aT ae ee gy 2. Sadghghiget ais, or ig eae eaten alates 
80.0 eee eee Deck * sso bart ae ema Bo eee. Coes 
92.5 0.183 amine pam alee Mae << Cee eo Be tke 6 eee 


144,86 vee G375 < . cok ate a Waa a eis. Si. aiid ot is Ba welt tie 


geenanet values probably due to unknown errors. Though included for purposes of 
record, they are excluded from the later calculations. 


siderable portion of its length, beginning at the origin, the curve 
shall have the form 
c =a T*/ 


and if further we know that the material contained initially 0.007 
per cent graphite, then the mathematical problem is to calculate from 
the array of points the most probable value of a in 


c — 0.007 = a T*”? (1) 
By the usual method of least squares, the best value is 
= 0.000312— 


The locus of the equation 
== 0.000312 T*/? + 0.007 


is plotted in Fig. 1 and is seen to express the facts very poorly for it 
rapidly departs from the array of points as the time increased above 
about 80 hours. It must be discarded as a useful expression of facts. 
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To retain an equation of the T*’? form one must supplement jt 
with one of different form, and hence representing a different 
mechanism in the very early stages of the reaction. The array of 
points in Fig. 1 suggest a slow and rectilinear increase of graphite 
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i C-( 0.000652T+0.007)= 
x _ 70.00/46 (T-47.3} 
< 0.30 
3 4 
oy 2 
© ooo | 672000512 TF +0007 L 
S 
S 
4 
0.10 
g 
Oo 
oO 25 50 75 100 
Hours 


Fig. 1—Form of Graphitization at 700 Degrees 
Cent. (1290 Degrees Fahr.). 


with time for (say) twenty hours or more instead of a mere defer- 
ring of the beginning of the reaction as suggested by Schwz and 
Stotz (loc. cit.). 

If this line is to pass, as seems logically necessary, through the 
point c = 0.007 at time, T, then its equation must be of the form 


= 0.007 + a T (2) 


Using the data for the first five points and obtaining by least squares 
the most probable value of a we have: 


C = 0.000652 T + 0.007. 


Since there seems to be no good reason for assuming that the 
reaction which proceeds according to (2) stops when the T*’? power 
type begins, it seems best to regard the curved portion of the locus 
as the resultant of two reactions, that just discussed and the other 
of the expected type, the graphite produced being the sum of that 
produced by the separate reactions. If the carbon produced by the 
second reaction to set in is to be proportional to the */? power of 
time, we may write: 


¢ — (0.000652 T + 0.007) = a(T — b)*” (3) 
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in which b is the time at which the second reaction begins and 
0.000652 T + 0.007 is the carbon content (in %) produced by the 
initial reaction in time, T. The constant, a, is then a measure of the 





Temperature, °C. 


Fig. 2—Relation of Graphitization Curve Constants to Tem- 
perature. 


reaction rate. The equation is best treated by least squares in the 
form: 


(c — 0.000652 T — 0.007)? 


a°(T — b)* 


a*(T* — 3b T? + 3 b°T — b’*) 


lI | 


for which we have seven experimental values of the left side of the 
equation corresponding to seven values of T beginning at T — 54. 
From these one may derive the values, a = 0.00146, b = 47.3. The 
locus is introduced into Fig. 1. 

Treating the data at the other temperatures similarly, one finds 
that at 900 degrees Cent. (1650 degrees Fahr.) there is not a suffi- 
ciently long straight line to make possible the determination of its 
slope, (a). With that exception the complete parameters for the 
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four temperatures are as follows, the unit of graphite being 1 per 
cent, of time one hour. 


ee 
———————————— — —————————————————————ee— 





Table Il 
‘Temperature 
Degrees Cent. a a b c at time b 
RR el ley. 0.10 0.125 0.007-+ 
800 0.00183 0.0083 7.65 0.021 
700 0.00065 0.00146 47.3 0.038 
600 0.00015 0.00008 150.5 0.030 








DISCUSSION OF RESULTS 


Table II rather than Table I may be regarded as embodying 
the experimental data of this paper. It remains to seek the meaning 
of these results and consider their plausibility. 

Since a and a are measures of two reaction velocities, one should 
expect them to be variable with temperature, their logarithms being 
linear functions of temperature. The plot of log a, and log a, against 
temperature in Fig. 2 does indeed correspond to this relationship. 
The most probable relations, computed from Table II, are 


log a = — 7.0291 + 0.0054 @ 
log a = — 10.0033 + 0.01 @ 


The thermal coefficient, here 0.01, was in our original studies found 
to be 0.009, which is of the order of magnitude of the thermal coeffi- 
cient of migratory rate of carbon in gamma iron. The result is 
reasonably well confirmed. It is surprising that neither a nor a nor 


da da 
or 
dT dT 


observation, however, is confirmed by our earlier work. 

The constant, b, though varying with temperature, does not ap- 
pear to follow any readily determinable relation. As shown by the 
dotted lines it is possible that log b is a linear function of tempera- 
ture, the correlation factor changing at the A, point. 

Lastly, it would be desirable to confirm or improve the exponent, 
T*/2, used in our calculations. It seems that if this coefficient should 
prove to be in error, the values of b, representing the time ordinate 
of the point of tangency, should be nearly correct, for this point is 
a physical entity near to which the value computed on any plausible 
assumption should fall. 


show any discontinuous change at the A, point. This 
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If one plots (T-b) against c — (a T + 0.007) on logarithmic 
scales, a straight line, of a slope corresponding to the exponent, 
should result. By a suitable shift in the direction of the time ordinate 
the arrays for four temperatures can be superimposed. This has 
been done in Fig. 3, by inspection, and a line representing the ex- 


Time (Arbitrary Scale] 





0.0'- 002 004 0./ 0.2 0.4 10 
Per Cent Graphite 


Fig. 3—Comparison of Observation Data With Graphite 
Formation as 1% Power of Time. 


ponent */* drawn in. It will be seen that the slope of this line parallels 
well the arrays for 900 and 800 degrees Cent. (1650-1470 degrees 
Fahr.). The data at 700 and 600 degress Cent. (1290-1110 degrees 
Fahr.) are less numerous and more scattering. They might be inter- 
preted as representing a higher power than the *”. 

Such a conclusion would not, however, be convincingly sup- 
ported by the facts, but only suggested. One feels that the data 
above A, confirm the assumption made, while the lower temperature 
data, though not necessarily inconsistent therewith, do not offer 
additional confirmation. 

It would be interesting to determine whether in the interval in 
which graphite is a linear function of time small nodules incapable 
of growth are formed at constant rate. The small amounts of 
graphite involved do not lend themselves to satisfactory metallo- 
graphic investigation, however. 
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CONCLUSIONS 


It is concluded that the relation c = a T*/* between graphite and 
time is not always applicable in the very beginning of the graphitiz- 
ing reaction, but may be preceded by an interval in which the graphite 
formed is a linear function of time. 

This phenomenon is probably that described by others (for lack 
of precise data) as an interval in which no graphite forms. The 
mechanism of this earliest reaction is not yet understood. ~The inter- 
val during which this type of reaction occurs decreases rapidly as the 
temperature is increased. 


Bibliography 


1. “Graphitization at Constant Temperature,” TRANSACTIONS, American 
Society for Steel Treating, Vol. 9, 1926, p. 883. 

2. Schiiz and Stotz, “Der Tempergusz,” Fig. 42, p. 58, Julius Springer, 
1930. 

3. White and Schneidewind, “Effect of Superheat on Annealing of Malleable 
Iron,” Transactions, American Foundrymen’s Association, Vol. XLI 
(1933), p. 98. 

4. Schwartz, Johnson and Junge, “Retarding Effect of Certain Metallic Ele- 
ments on Graphitization,” Fig. 1, Transactions, American Society 
for Metals, Vol. 25, June 1937, p. 609. 








ind 
tiz- 
lite 


ack 
[he 
ter- 
the 


rican 
iger, 


eable 
XLI 


Ele- 
ciety 


THE EFFECT OF MASS UPON THE MECHANICAL 
PROPERTIES OF CAST STEEL 


By CHARLES W. Briccs AND Roy A. GEZELIus 


Abstract 


Medium carbon cast steel and medium manganese 
cast steel were studied to show the effect of mass upon 
the mechanical properties. Coupons varying from % 
inch to 8 inches in cross section were cast and tensile bars 
were prepared and tested in both the as-cast and annealed 
condition. Density measurements, segregation studies, 
and photomicrographs were also obtained on the various 
sections. A comparison was made between results ob- 
tained from the coupons and various diameter test bars 
cast to size. The effect of pouring temperatures on the 
mechanical properties was also studied, as was the effect 
produced by high temperature heat treatments. 


INTRODUCTION 


HE purpose of this investigation was to study and set forth as 
simply as possible the effect of mass upon the mechanical 
properties of cast steel. This is a subject that is of practical m- 
portance to designing engineers, particularly those engaged in design- 
ing power plant equipment where steel castings are being installed 
systems subject to greater pressures and higher temperatures than 
all previously used. These engineers have relied upon data col- 
lected on the properties of cast steel, such as that assembled by 
Lorig and Williams (11)*. They realize, as was noted by Lorig 
and Williams, that such data are rarely complete in that the chemical 
analyses, size of casting, heat treatment, size of the specimen or the 
method of testing are not always known. As many of the data are 
obtained from laboratory heats produced under ideal conditions the 
results may not be comparable to those obtained in a commercial 
casting. In commenting on this condition, Sisco, in his volume of 
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‘The figures appearing in parentheses pertain to the references appended to this paper. 
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the Alloys of Iron Monographs, pointed out that of all the variables 
which may affect the mechanical properties of cast steel, and one 
which is seldom mentioned in the compilation of data, the effect of 
mass is clearly the most important. 

The lack of specific published information has led to the peren- 
nial controversy over the size of the test coupon, the use of sepa- 
rately cast or integrally cast coupons and the actual value of the 
data obtained from a coupon as applied to the acceptance and rejec- 
tion of a particular steel casting. 

As this is a problem which involves no special research equip- 
ment or complicated procedures it is interesting to note that there 
is practically no published data available that deals with the subject 
in a logical manner even though there must be many private sources 
of material similar to that presented here. Practically all of the 
authors who have discussed the subject have dealt with cast steel in 
the heat treated condition and have concentrated their efforts upon 
the effect of heat treatment upon the mechanical properties in various 
sections rather than the effect of the mass of the section upon the 
mechanical properties. 

Even though there has been no attempt to correlate the size of 
the section with mechanical properties it has been pointed out that 
there is considerable variation in the properties of different sections 
of steel castings (2, 6). It has also been noted that the structure 
has differed (1, 2, 3, 4, 5, 7, 9) in various sections of castings and 
many attempts (1 to 9) have been made to obtain uniform mechani- 
cal properties or to improve the mechanical properties of heavy 
sections by means of heat treatment. 

Merten (2) concluded from his experiments on core-drilled 
specimens obtained from heavy castings that silicon segregation 
caused low physical properties in heavy cast steel sections. He stated 
that better physical properties could be obtained by annealing the 
castings at temperatures higher than those normally employed as 
the dendritic structure was completely refined at these higher tem- 
peratures. He also concluded that casting at as low a temperature as 
possible produced the best physical properties. 

The Steel Division Committee on Test Coupons of the Amer- 
ican Foundrymen’s Association reported (10) that segregation of 
aluminum was responsible for lower physical properties in heavy 
sections of steel castings. The committee also pointed out that low 
mechanical properties should be expected in sections where it is 
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impossible, or commercially unfeasible, to prevent “axial shrinkage” 
as microscopic voids are always present in these sections. 


TESTING METHODS 


A study of the previous work on this subject shows that no 
data have been reported upon the effect of mass on the mechanical 
properties of cast steels in both the as-cast and annealed conditions. 
As the designing engineer should have some indication of what may 
be expected as mechanical properties in various sections, it was 
deemed advisable to study this effect. It should be noted, however, 
that these data can refer only to the analyses studied and can only 
be indicative of the properties of other cast steels produced in similar 
sections. 


In order to study the effect of mass upon the mechanical proper- 
ties, well-fed coupons were cast in medium carbon steel and medium 
manganese steel. The coupons were all 12 inches long and those 
cast in medium carbon steel were % x Y% inch, 1 x 1 inch, 2 x 2 
inches, 3 x 3 inches, 4 x 4 inches, and 8 x 8 inches in cross section. 
Only the 1 x 1-inch, the 3 x 3-inch and one 8 x 8-inch coupons were 
cast in medium manganese steel for these tests. Each coupon was 
top poured through the feed head. The feed head was large enough 
to permit the shrinkage cavity to form within it without extending 
into the coupon. The feed heads were sawed from the coupon prior 
to heat treating. One coupon of each size was annealed at 900 
degrees Cent. (1650 degrees Fahr.) for the customary time of one 
hour per inch of section. The coupons were then cut and tensile 
specimens machined from the locations shown in Fig. 1. The speci- 
mens were all standard 0.505-inch diameter tensile specimens except 
those machined from the % x Y%-inch coupon. These specimens 
were 0.313 inch in diameter with a gage length of 1.25 inches. 

After the tensile tests were obtained specimens were machined 
from the threaded portion of the bars for micrographic studies, 
density measurements and chemical analyses. 


In another heat, bars 34, 1, 2 and 3 inches in diameter and cou- 
pons similar to those mentioned previously were cast from low car- 
bon steel. One-half of the bars and one-half of the coupons were an- 
nealed as before. Tensile test bars were machined from the coupons 
and tested. The bars were tested in the unmachined condition in 
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order that some indication of the actual strength of cast sections 
might be obtained. 

In a third carbon steel heat several coupons were cast at as high 
and as low a temperature as was practical in order that the effect 
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Fig. 1—Location of Test Bars in the Carbon Cast Steel Blocks. 
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of pouring temperature upon the mechanical properties might be 
noted. The properties recorded were those obtained in the tensile 
and the Izod impact tests. 

The methods of testing used on the medium manganese heat were 
similar to those employed on the medium carbon steel. Tensile 
specimens were obtained from the center of the 1 x 1-inch and 3 x 3- 
inch sections in both the as-cast and annealed condition. The one 8 x 8 
x 12-inch block of medium manganese steel was annealed at 900 de- 
grees Cent. (1650 degrees Fahr.). Thermocouples were placed in the 
center, skin and midway between these points and the temperature 
gradient noted. The temperature of the skin lagged about 40 degrees 
Fahr. behind the furnace temperature until the furnace reached its 
maximum temperature. The temperature of the skin remained 
about 20 degrees Fahr. below the furnace temperature throughout 
the annealing period. The temperatures of the midpoint and the 
center of the coupon were only about 10 degrees Fahr. apart and 
lagged approximately 60 degrees Fahr. behind the skin temperature 
during the heating cycle. The midpoint and the center of the coupon 
reached the annealing temperature one-half hour after the skin had 
attained this temperature. 

After the block had been annealed it was sectioned and spec 
mens obtained at the places indicated in Fig. 2. These specimens 
were grouped together in such a manner that, according to the 
data previously obtained on the medium carbon steel, the natural 
differences in mechanical properties would be slight. Some of these 
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specimens were given further heat treatments and then all were 
machined into standard tensile test specimens. 


TRF £2 Ser Ss 


Annealed 
/hr.per in. at 
900°C. [1650 F} 


Other Heat 
Treatments 


DOmrmrnmnsaoww ss 


lzod 
Specimens 





Fig. 2—Location of Test Bars in the Medium Manganese Cast Steel Block. 


Mass Errect ON Mepium CARBON CAST STEEL 


The data obtained from the tensile specimens machined from 
the medium carbon cast steel at the locations shown in Fig. 1 are 
given in Table I. It will be noted that the yield point in the as- 
cast condition is listed in only a few instances. The representative 
stress-strain curve (Fig. 4) shows that in the as-cast condition, 
cast steel has no marked yield point. The yield point must therefore 
be determined from a stress-strain curve and as the extensometer, 
which was the only one available to the authors, was the type that 
must be removed prior to breaking the bar, it was deemed advisable 
to determine but a few yield points in the as-cast condition. The 
data of Table I together with the density data as set forth in Table 
VII are shown diagrammatically in Fig. 3. 

The most outstanding feature exhibited by the curves is the 
sharp bends that are found in the tensile, yield and reduction of 
area curves in the neighborhood of the 2-inch section. In general, 
all of the mechanical properties in the 8-inch section were lower 
than those found in the 14-inch section. However, the loss was 
not as great in the annealed state as it was in the as-cast condition. 
The density curve also shows a drop in value as the mass of the test 
block increases. In the 8-inch cross section it was possible to see 
small microscopic voids that must have resulted from the manner 
in which the heavy section solidified, since the heavy sections were 
as well fed as the light sections. 

If the properties of any one section are considered, it may be 
noticed that the lowest results are obtained at the center of the 
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Table I 
The Effect of Mass Upon the Mechanical Properties of Medium Carbon Cast Steel 





Yield Point Tensile Strength Per Cent Per Cent 


Lbs. Per Lbs. Per Elonga- Reduction in 
Sa. In.——- r— Sq. — r—tion—, 7~Area— 
Specimen As As As An- As An- 
Cast Annealed Cast Annealed Cast nealed Cast nealed 
Center %” Block A 38,200 49,000 77,600 75,450 25 30 35 47 
Center 1” Block Dee ws-dees 48,000 75,500 75,000 25 28 30 46 
Center 2” Block s+. ch o 46,750 73,000 74,500 21 30 26 40 
Top 3” Block DP -ivetee 44,750 71,750 71,500 18 28 19 35 
Center 3” Block = “rete 45,200 72,300 72,000 20 29 23 39 
Bottom 3” Block Rare 45,000 74,000 72,400 21 28 26 40 
Lower Corner 3” Block G ...... 45,250 73,500 73,250 23 29 30 42 
Top ae OE SoU extn eie 45,250 71,000 70,000 15 29 21 43 
Center ee oe ae os 44,500 71,200 70,500 19 29 23 39 
Bottom ee a res 45,750 73,250 72,250 22 30 21 46 
Lower Corner 4” Block K ...... 45,500 73,700 73,000 25 30 33 46 
Top gf 41,750 70,000 70,125 8 26 9 40 
Center of 
upper half 8” Block M ...... 43,000 71,000 68,250 9 26 9 40 
Center 8” Block N 33,500 42,000 70,500 68,500 9 27 10 36 
Center of 
lower half 8” Block O ....... 41,750 74,250 68,750 16 28 18 41 
Bottom oe a: Ge ees 43,750 76,100 70,750 18 29 21 44 
Lower Corner 8” Block R ...... 43,500 76,750 72,125 22 29 30 44 








section and the highest in the bottom corners where solidification 
has proceeded from two faces. The corner results are usually 
higher than those obtained elsewhere along the bottom where there 
is only one solidifying face. These conditions are more pronounced, 
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Dimensions of the Square Cross Section of the Test Block 


Fig. 3—The Effect of Mass Upon the Mechanical Properties of Carbon Cast 
Steel at the Center of the Test Block. 
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of course, when the steel is tested in the as-cast condition, but they 
are also noticeable in the heat treated material. 

Since the mechanical properties varied to such a considerable 
degree, it was thought that perhaps segregation of chemical com- 
ponents was responsible for a large portion of the difference. 
Phosphorus and sulphur segregations were studied in the various 


Stress ——> 





Strain ——> 


Fig. 4—Typical Stress-Strain Curves for Carbon Cast Steel. 


sections by etching and sulphur prints, but no differences could 
be ascertained. This was perhaps due to the fact that they were 
both present in very low amounts in the steel as cast. As the steel 
was made by the basic electric process, these analyses were 0.02 per 
cent for the phosphorus and 0.03 per cent for sulphur. Segregation 
was also studied by chemical analysis. The centers of each section 
were analyzed for carbon, manganese, silicon and aluminum and 
the results are set forth in Table V. The greatest difference ap- 
peared in the carbon content where a difference of 0.03 per cent was 
noted. The center of the l-inch coupon contained 0.27 per cent, 
while the center of the 8-inch coupon contained 0.24 per cent. The 
manganese, silicon and aluminum analyses showed that there was 
practically no segregation of these elements. 

The specimens were also studied microscopically in the un- 
etched condition to see if the inclusions had formed an aluminum 
network which might tend to lower the physical properties in the 
larger cast sections. No network was evident. The inclusions were, 
however, slightly larger and fewer in the centers of the heavier 
sections, 

Photomicrographs were taken of the sections in the as-cast 
and the annealed condition. These micrographs are illustrated in 
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Figs. 6 and 7. As would normally be expected, the original ferrite 
grain size in both the as-cast and the annealed state is progres. 
sively larger as the section increases. The secondary ferrite grains 
in the annealed specimens are about the same size, but the original 
ferrite distribution is the dominant structure. The microstructure 
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O / 2 g 4 5 6 7 124@ 
Dimensions of the Sguare Cross Section of the Test Block 


Fig. 5—Effect of Mass Upon the Mechanical Properties of 
Medium Manganese Steel at the Center of the Test Block. 


at various positions in the 8-inch coupon was also examined and 
in general it appeared quite similar. The maximum difference was 
as represented in Fig. 7 by a comparison of the microstructure of 
the center and the corner specimens of the 8-inch coupon. 

The authors have observed in their review of previous litera- 
ture that trepanned specimens have been taken from large sections 
and’ then heat treated to show what changes may be effected in the 
microstructure by the various types of heat treatment. It was 
thought that the handling of specimens in this manner would not 
produce comparable results as the mass would have a pronounced 
effect, even though the heavy sections received a considerably longer 
heat treatment than was accorded to the trepanned specimen. A 
specimen from the center of the as-cast 8-inch coupon, was at- 
nealed at 1650 degrees Fahr. for one hour and compared with the 
structure of the center of the annealed 8-inch coupon (Fig. 7). 
The grain size of the trepanned specimen was so much smaller 
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that it could not be illustrated properly at a magnification of 50 
diameters, so that it would be strictly comparable with the other 
photomicrographs. The magnification was therefore increased to 
100 diameters. This test therefore indicates that heat treated tre- 
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Fig. 7a—Center %-inch Section Carbon Steel—Annealed at 1650 Degrees 

Fig./7b—Center 11-inch Section Carbon Steel—Annealed at 1650 Degrees 

Fig: 7-—Center 2-inch Section Carbon Steel—Annealed at 1650 Degrees 

Fig. 7d—Center 3-inch Section Carbon Steel—Annealed at 1650 Degrees 
All Photographs at x 50 


panned specimens taken from heavy sections will not portray con- 
ditions that would be found if the entire coupon were given com- 
parable heat treatments. 

The 8-inch section was the only one that exhibited dendrites 
on microscopical examination. The section was then machined and 
annealed at 2050 degrees Fahr. and again examined for dendrites. 
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The dendritic structure appeared and was similar to that found in 
the as-cast condition. 

It appears from the above study that there are three condi- 
tions that bear upon the mechanical properties as affected by mass. 


Fig. 7e—Center 4-inch Section Carbon Steel—Annealed at 1650 Degrees Fahr. 
x 

Fig. 7fi—Center 8-inch Section Carbon Steel—Annealed at 1650 Degrees Fahr. 
x Se, 
; nn 7g—Lower Corner 8-inch Section Carbon Steel—Annealed at 1650 Degrees 
Fahr. X 50 


Fig. 7h—Center 8-inch Section Carbon Steel—Annealed at 1650 Degrees Fahr. 
1 hour. X 100. 


These are: (a) the density, (b) the carbon segregation, and (c) 
the microstructure. It is difficult to ascertain from the data which 
of these is the most important. As the section increases the density 
drops, the carbon content drops and the original ferrite grain size 
increases. In regard to the tensile strength and yield point values, 
the microstructure and the carbon segregation are probably the 
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most important in causing the lower values. The density and the 
microstructure are responsible for the lower ductility found in the 
heavier sections. From this it appears that the microstructure is 
the dominant controlling factor. 

The properties listed at the center of the section are the poor- 
est ones present in this section. The average properties over the 
entire section are better than those exhibited by the center, due to 
the preponderance of material having better properties, such as 
those exhibited by the corners and edges. 

Contrary to Merten’s (2) conclusions, the present data failed to 
show that silicon segregation caused low mechanical properties in 
heavy cast steel sections. The segregation of aluminum, while 
amounting to an increase of 12 per cent between the centers of the 
l- and the 8-inch sections, is only of the order of 0.005 per cent. 
The largest segregation of aluminum occurs in the 8-inch coupon 
itself, a change of 0.012 per cent. The mechanical properties in these 
two locations are, however, practically identical. These data fail to 
check the statement reported by the Steel Division Committee on Test 
Coupon of the American Foundrymen’s Association (10) that segre- 
gation of aluminum is responsible for lower physical properties in 
heavy sections of steel castings. 


COMPARISON OF COUPONS AND Bars CAstT TO SIZE 


One of the interesting points that have been continually 
stressed by designers is how do the mechanical properties of cast 
steel sections compare to those properties as exhibited by the well 
fed coupon. This point was investigated and the results are set 





Table Il 
The Comparison of the Mechanical Properties of Well Fed Test Coupons and Bars 
Cast to Size 
Carbon 0.21 Manganese 0.60 Silicon 0.31 

; ’ ’ Per Cent Per Cent 
Section Gauge Yield Point Tensile Strength Elongation Red. of Area 
Length AsCast Annealed AsCast Annealed A.C. Ann. A.C. Ann. 

¥%4” Coupon BAe 44,600 69,800 70,700 29 34 40~—Cté—«OS1 
we me sivas 42,500 69,000 69,700 28 33 38 48 
2” = = oa cae 41,750 67,000 69,000 20 32 23 44 
a ™ nm ire 40,750 64,500 67,750 18 32 24 40 
4” Dia. Bar ee. aes ae 43,000 69,000 69,500 11 20 13 25 
ee - 4” 58,500 40,000 67,100 64,600 12 16 12 30 
Ss 35 8” 54,200 39,200 61,800 64,000 8 13 8 23 
ee Wee as oes DOOR. . to \aecke 4 63,550 ‘ 14 ‘ 13 
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forth in Table II. In this experiment, bars were cast in the hori- 
zontal position while coupons were cast similar to those used 
previously. From the center of these as-cast and annealed coupons, 
standard tensile bars were machined and tested. These specimens 
likewise showed the effect of mass on the mechanical properties. 

The bars were tested in the condition they came from the sand 
mold except that one set was annealed before testing. The bars 
were not machined nor were the cast surfaces removed. 

The yield and the tensile strengths were nearly the same in both 
bars and specimens machined from the coupons. The ductility, 
however, was much lower in the case of the bars. This is undoubtedly 
due to the rough surface of the bars. The decrease in ductility with 
increasing mass is much greater with the bars than ‘it is with the 
coupons. 

This data points out that while the strength properties in cast 
sections are nearly the same as those represented by the coupon, the 
ductility properties are much lower and should be borne in mind by 
the designer. The interesting point is that the ductility results are 
rather erratic and would depend a great deal on the surface of the 
casting and probably on the size of the axial weakness. 


THe Errect oF PourRING TEMPERATURE UPON THE 
MECHANICAL PROPERTIES OF CAST STEEL 


It has been stated (2) that to obtain the best mechanical prop- 
erties from steel castings, the steel should be poured at as low a 
temperature as possible. The authors studied this effect by pouring, 


Table Ill 
The Effect of Pouring Temperature Upon the Physical Properties of 
Carbon Cast Steel 


Carbon 0.29 Manganese 0.70 Silicon 0.32 
Pouring 
Temp. : Per Cent Per Cent Izod 
Degrees Yield Point Tensile Strength Elongation Red. of Area Ft.-Lbs. 
Fahr. AsCast Annealed AsCast Annealed A.C. Ann. A.C. Ann. A.C. Ann. 
a 54,000 78,000 81,625 20 27 23 38 8.8 36.3 
SAGE Aketéar 55,500 78,250 82,000 21 27 25 38 7.1 33.9 


in the same heat, one set of coupons at 2900 degrees Fahr. and an- 
other set at 2675 degrees Fahr. Tensile and impact specimens were 
obtained from these coupons in the as-cast and annealed condition. 
The results obtained from these specimens indicated that there was 
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practically no difference in the mechanical properties. The speci- 
mens poured at the higher temperature exhibited slightly better 
tensile properties and lower impact values than those poured at the 
lower temperatures (Table III). The differences, however, were 
so slight that they probably would not be important commercially, 


Tue Mass Errect IN MepIUM MANGANESE STEEL 


The effect of mass upon the mechanical properties of the 
medium manganese steel studied (Fig. 5) is similar to that found 
in the medium carbon steel. In each case the mechanical properties 
at the center of the test coupon decrease as the mass of the section 
increases. The variation in the tensile strength is, however, con- 
siderably greater in the manganese steel than it is in the plain carbon 
steel. The tensile strength in the plain carbon steel in the center 


Table IV 
The Effect of Mass Upon the Mechanical Properties of Medium Manganese Cast Steel 
Per Cent 
Lbs. Per Sq. In. Elon- Reduc- Ft.- 
Heat Treatment Yield Tensile ga- -tion Lbs. 
Specimen Degrees Fahr. Point Strength tion of Area Izod 
Center 1” Coupon Annealed 1650—1 hr. 60,750 99,000 25 49 17.7 
= ze “ig 1650—3 hr. 56,750 94,750 22 42 18.6 
= 8” " =i 1650—8 hr. 52,250 88,625 18 31 22.3 
Top ee ” 1650—8 hr. 52,750 88,125 18 31 sided 
Bottom 8” ‘“ ” 1650—8 hr. 56,000 95,000 23 41 ‘an 
Corner 8” oi " 1650—8 hr. 56,000 95,000 24 50 19.2 
Midpoint 8” “ = 1650—8 hr. 55,750 92,250 21 35 owka 
*C.4 “ 1650—1 hr. 61,375 91,375 20 52 
*C-5 “ 1850—1 hr. 56,000 88,650 20 50 hen 
*D-3 - 2050—1 hr. 58,625 99,125 22 46 14.6 
*D-4 re 2250—1 hr. 60,000 99,675 17 36 soa 
*D-6 at 1850—15 min. 60,650 96,125 22 42 eet 
*E-4 s 2050— 5min. 60,750 96,875 22 41 16.3 
*E-5 ? 2250— 5 min. ...... 99,650 18 40 ute 
*F4 . 1650—1 hr. 
1525—1 hr. 68,250 96,375 22 48 
*F5 Merten’s Treatment 51,500 90,000 25 50 


*Specimens previously annealed in coupon at 1650 degrees Fahr. for 8 hours. 








of the 8-inch coupon is 5000 pounds per square inch less than that 
in the l-inch coupon, a drop of 6.5 per cent. In the medium man- 
ganese steel the decrease in similar coupons is 10,400 pounds per 
square inch, a change of 10.5 per cent. It should be noted that the 
change in the tensile strength of the manganese steel decreases gradu- 
ally and rather uniformly with an increase in mass, whereas the 
tensile strength of the plain carbon steel decreases rapidly at first 
and then at a decreasing rate as the mass increases. 
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The other tensile properties of the medium manganese steel 
also decrease gradually and at a more uniform rate than in the 
lain carbon steels. : 
| The tensile properties of various sections of the 8-inch coupon 
vary in a manner similar to that found in the plain carbon steel. 
Table IV indicates that the best tensile properties are found in the 


toes 





Fig. 8a—Center 1-inch Section Medium Manganese Steel Annealed 1650 Degrees 
Fahr. xX 100. 


Fig. 8b—Center 3-inch Section Medium Manganese Steel Annealed 1650 Degrees 
Fahr. xX 100. 


Fig. 8c—Center 8-inch Section Medium Manganese Steel Annealed 165C Degrees 
Fahr. X 100. 


lower corner and the bottom of the test coupon. The top of the 
coupon, immediately under the head, exhibits the poorest properties 
and the properties then increase gradually toward the bottom of the 
coupon. The Izod impact strength, however, increases as the mass 
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of the section increases and is greater at the center of the 8-inch 
coupon than it is in the corner of the coupon. 

The size of the original ferrite structure in the medium man- 
ganese steel increases as the mass of the section increases in a man- 
ner similar to that found in the carbon steel (Fig. 8). 

There have been many contradictory opinions expressed con- 
cerning the effect of annealing at high temperatures upon the 
mechanical properties of cast steel. Therefore, several l-inch square 
sections were cut from the central portion of the 8-inch coupon after 
it had been annealed and these specimens, with one exception, were 
given additional annealing treatments. It was decided that the results 
obtained in annealing small sections, while not comparable to the heat 
treatment of heavy sections, would approach somewhat the results 
obtained in annealing large sections, whereas this would not be true of 
normalizing or quenching treatments where the cooling rate would 
depend upon the mass of the specimen. 

The sections cut from the central portion of the 8-inch coupon 
(Fig. 2) were annealed for one hour at 1650, 1850, 2050 and 2250 
degrees Fahr. The results obtained from the tensile tests of these 
specimens (Table IV) indicate that higher annealing treatments 
increase the ultimate tensile strength, but cause a decrease in duc- 
tility. Several additional specimens were annealed for shorter 
periods at higher temperatures; 1850 degrees Fahr. for 15 minutes, 
2050 degrees Fahr. for 5 minutes and 2250 degrees Fahr. for 5 
minutes. The results obtained from these specimens were similar 
to those given above in that an increase in tensile strength and a 
decrease in ductility over that obtained in the original 8-hour anneal 
were noted. There was practically no difference in the yield point, 


Table V 
Chemical Analyses of Sections of Medium Carbon Steel 

———_-———_—— Per Cent——___—_ —-———_.. 
Location of Specimen Carbon Manganese Silicon Aluminum 
Center 1” Coupon 0.270 0.634 0.212 0.035 
Top 8” ae 0.265 0.634 0.229 0.028 
Center 8” “ 0.243 0.623 0.228 0.040 
Corner 8” . 0.268 0.637 0.230 0.032 


tensile strength or elongation in the long and short time high tem- 
perature annealing treatments. However, the reduction of area 
and the impact values were higher in the specimens annealed at high 
temperatures for short periods of time. 
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. Va—Center 8-inch Coupon Medium Manganese Steel Double Annealed at 1650 
My Fahr. X 100. 
ig. 


9b—Center 8-inch Counon Medium Manganese Steel Double Annealed at 1650 
Fahr. 8 Hours; 1850 Degrees Fahr. 1 Hour. X 100. 


. 9c—Center 8-inch Coupon Medium Manganese Steel Double Annealed at 1650 


Fahr. 8 Hours; 2050 Degrees Fahr. 1 Hour. X 100. 

9d—-Center 8-inch Coupon Medium Manganese Steel Double Annealed at 1650 
Fahr. 8 Houts; 2250 Degrees Fahr. 1 Hour. X 100. ; 

9e—Center 8-inch Coupon Medium Manganese Steel Triple Annealed at 1650 
Fahr. 8 Hours; 1650 Degrees Fahr. 1 Hour; 1525 Degrees Fahr. 1 Hour. X 100. 
9f—Center 8-inch Coupon Medium Manganese Steel (Merten’s Heat Treatment). 
1650 Degrees Fahr. 8 Hours; 2012 Degrees Fahr. 2 Hours; Normalize 1650 
Fahr. 1 Hour; Reheat to 1275 Degrees Fahr. 
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Several specimens were given an additional double anneal at 
1650 degrees Fahr. for one hour, 1525 degrees Fahr. for one hour, 
and additional specimens were given the heat treatment recommended 
by Merten (2). It is interesting to note that none of the heat 
treatments used produced properties superior to those obtained with 
the double 1650 degrees Fahr. anneal (Specimen C 4) and that in 
no case was it possible to produce in the specimens obtained from the 
central portion of the 8-inch coupon mechanical properties that were 
much better than those obtained with a single 1650 degrees Fahr. 
anneal in a 1-inch coupon. 

The photomicrographs obtained from the specimens annealed 
at high temperatures (Fig. 9) show that as the annealing tempera- 
ture is increased the original structure is gradually obliterated until 
at 2250 degrees Fahr. the austenitic grain size is revealed. The 
photomicrographs obtained with the short time annealing treatments 
have not been included as they are practically identical with those 
obtained with the one hour treatment. 


Table VI 

Chemical Analyses of Sections of Medium Manganese Steel 

; : a Ror Cont - 
Location of Specimen Carbon Manganese Silicon Aluminum 
Center 1” Coupon 0.340 1.46 0.322 0.057 
Center 3” ~ 0.323 1.46 0.320 va ows 
Top 8” ” 0.320 1.46 eae ou ox gehen 
Center 8” er 0.297 1.41 0.312 0.056 
Bottom 8” - 0.333 1.47 0.322 cane 
Corner 8” 0.342 1.48 WE ch ok 


Chemical analyses were obtained from the center of the 1-inch 
and 3-inch sections and from the top, center, bottom and corner 
of the 8-inch section in order that the amount of segregation could 
be determined (Table VI). Segregation of carbon can be seen 
in that the carbon content at the center of the coupon decreases as 











Table VII 
The Effect of Mass Upon the Density of Cast Steel 
Location of Specimen Density 
ee EN 6 Oh cies Kcr dedevs Cubets 7.8379 
Cane ee CN tetas ds dhe ea 7.8306 
ey OR AOR i aos ko wae eu ea bee 0 e he cutwe’ 7.8106 
Coatee Bree Cem 6 665.0) coe dtiNc ce cte cee wh 7.8114 
OCR DAG EAE ns chin bo betes cknceceades 7.8122 
Lower Corner 8-Iuch Coupon .........--eeee8. 7.8175 
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the mass of the section increases. The carbon content at the center 
of the 8-inch section is the same as that at the center of the 1-inch 
coupon. There is slight segregation of manganese but no segrega- 
tion of silicon or aluminum. 

This segregation of carbon and manganese will probably ac- 
count for the decrease in tensile strength as the mass is increased. 


SUMMARY 


The effect of mass on the mechanical properties of cast steel 
is as follows: 

(1) There is a loss in strength and ductility, as measured at 
the center of the section, as the mass increases. 

(2) In carbon steel the loss is pronounced for the first 2 
inches of cross section, after which it tapers off gradually. In the 
manganese steel there is no decided knee to the curve. 

(3) There is a decrease in density and carbon content, and 
an increase in Izod impact value as the mass increases. 

(4) Microstructure, carbon segregation and density values 
are responsible for the decrease of-mechanical properties as the mass 
increases. 

(5) Segregations of silicon, aluminum, phosphorus and sul- 
phur were small and had no apparent effect as to producing low 
mechanical properties. 

(6) Trepanned specimens from large sections when heat 
treated do not exhibit the same microstructure as when the section 
is heat treated under comparable conditions. The effect of mass 
is to produce a larger grain structure. 

(7) A comparison of bars cast to size and standard tensile 
test specimens from well fed coupons show that the strength prop- 
erties are quite similar but that the ductility of the bars is much 
lower than that exhibited by the coupons. 

(8) Differences in pouring temperature have no marked 
effect on the mechanical properties. 

(9) High temperature annealing treatments increase the ulti- 
mate tensile strength, but cause a decrease in ductility. 

The authors wish to acknowledge with appreciation the assist- 
ance of Mr. T. Cunningham, Mr. J. Darby, Mr. R. Donaldson and 
Mr. L.* Singer in the preparation and testing of specimens and 
chemical analyses. 








386 TRANSACTIONS OF THE A. S. M. June 


Bibliography 


1. Howe, Campbell and Koken, Proceedings, American Society for Testing 
Materials, Vol. 8, 1908, p. 185. 

2. W. J. Merten, “High Temperature Treatments of Castings and Forgings 
as Evidenced by Core Drill Tests from Heavy Sections,” Transac- 
tions, American Society for Steel Treating, Vol. 13, 1928, p. 1. 


3. Harper and Stein, Transactions, American Foundrymen’s Association, Vol, 
32, 1924, p. 679. 
4. R. S. MacPherran and J. F. Harper, “Spheroidized Cementite in Hypo- 


eutectoid Steel,” Transactions, American Society for Steel Treating, 
Vol. 6, 1924, p. 341. 

5. A. W. Lorenz, Proceedings, American Society for Testing Materials, Vol. 
32, 1932, p. 253. See also American Foundrymen’s Association—Ameri- 
can Society for Testing Materials “Symposium on Steel Castings,” 1932. 

6. R. A. Bull, Proceedings, American Society for Testing Materials, Vol. 32, 
1932, p. 77. See also American Foundrymen’s Association—American 
Society for Testing Materials “Symposium on Steel Castings,” 1932. 

7. C. E. Sims, “Heat Treatment for Grain Size in Cast Steel,” Meta Proc- 
RESS, Vol. 26, No. 3, 1934, p. 22. 


8. T. N. Armstrong, “Properties of Some Cast Alloy Steels,” TRANSACcTioNs, 
American Society for Metals, Vol. 23, 1935, p. 286. 

9. White, Clark and Crocker, American Society of Mechanical Engineers, 
Vol. 58, November 1936. 

10. Report of Steel Division Committee on Test Coupons, American Foundry- 
men’s Association, May 1937. 

11. Lorig and Williams, American Foundrymen’s Association—American So- 
ciety for Testing Materials “Symposium on Steel Castings,” 1932. 


DISCUSSION 

Written Discussion: By J. B. Caine, Sawbrook Steel Castings Co., 
Cincinnati. 

The authors are to be congratulated for their presentation of a mass of 
very important data regarding steel castings. However, to properly evaluate 
the physical properties of cast steel it is becoming increasingly evident that 
more data than the analysis and heat treatment are necessary. 

I wonder if the authors could include some data regarding the melting 
practice followed to produce this steel, the amount of aluminum added, and, if 
possible, some photomicrographs of the inclusions present. 

The relationship of the Izod curve in Fig. 5 to the elongation and reduction 
of area is surprising to say the least. Do the authors have any explanation for 
this ? 

Written Discussion: By H. D. Phillips, Dodge Steel Co., Philadelphia. 

This is a very interesting paper and contains much of value to the producer 
as well as the user of steel castings. As the authors have pointed out, there are 
sources of information on this subject but, unfortunately, the data are not usually 
available for publication. 

It is the purpose of the Steel Division Committee on Test Coupons of the 
American Foundrymen’s Association to gather and publish such information 
as is available so that a clearer picture of the properties of cast steel may be had. 
Having been responsible for the following statement contained in .the 1937 
report of the above committee, I feel called upon to clarify it. 

“Certain elements tend to aggravate the poor physical properties in the 
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center of a relatively heavy section, due either to segregation or the effect of 
the element on inclusion precipitation. An example of the latter case lies in the 
use of aluminum. When the steel solidifies rapidly, in either thin sections or 
heavy sections faced with an external chill, the physical properties are quite 
good even when the steel has been treated with a generous dose of aluminum. 
With the same dosage of aluminum, the physical properties in the heavy sec- 
tion are not nearly as good. The same applies to alloying elements that tend 
to segregate.” 

The thought here is that the effect of aluminum on the type of inclusions 
found is more pronounced in the heavier, slower cooled sections and not that 
the segregation of aluminum is responsible for poorer mechanical properties. 

However, the work of the authors does show a segregation of aluminum to 
the extent of 0.012 per cent. A difference of 0.01 per cent aluminum, as be- 
tween 0.03 and 0.04 per cent, is sufficient to cause poor ductility in a normal 
carbon steel made by the acid process in which the sulphur content averages 
0.04 per cent or higher. 

It has been repeatedly demonstrated that a steel made by the acid process 
with a critical aluminum content of 0.03 per cent and sulphur above 0.04 per 
cent will show a great difference in properties between a section cast 3%4 inch 
thick and one cast 3 inches thick, while in the normalized condition. As an 
example : 

A steel containing 0.23 per cent carbon, 0.68 per cent manganese, 0.30 per 
cent silicon, 0.04 per cent phosphorus and 0.045 per cent sulphur, treated with 
0.03 per cent aluminum and double normalized gave the following results. 


Tensile Strength Yield Point Elongation Reduction 


Pounds per Pounds per Per Cent Area 

SquareInch Square Inch Per Cent 
Cast % Inch 69,500 38,500 31 49.0 
Cast 3 Inches 69,000 40,750 25 34.0 


Under the microscope, the bar from the 3-inch section showed decided 
evidence of a sulphide eutectic around the primary grain boundaries while in 
the 34-inch section this type of inclusion was not evident. It is reasonable to 
suppose that the speed of solidification in the latter case precluded the pos- 
sibility of this network structure forming, the inclusions being present in such 
form as to not interfere with deformation of the steel before fracture. 

The steel used by the authors, made by the basic process, and containing 
0.03 per cent sulphur has a markedly less tendency toward the formation of this 
network structure. The whole question of aluminum and its effect on the 
properties of cast steel is now being intensively investigated and it is believed 
that much more will soon be known about the effect of various amounts of this 
element so necessary in the production of small steel castings. 

‘che statement made in the report of the previously mentioned committee 
is apparently too general and in need of clarification. There can be no doubt 
of the potent effect of mass on the properties of cast steel, and due considera- 
tion of its effect is now being shown in the specifications of some consumers of 
steel castings. 

It would be interesting to know more of the manner in which the bars cast 
to size were made and what precautions were taken to insure soundness and 
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smooth surfaces as these are factors which very materially affect the results 
secured. 

There are some results secured by the authors which are very interesting 
in that they do not agree with opinions generally held on the subject. First, 
the increase in Izod impact values as the mass increases and second, the lower 
carbon and manganese in the center of the 8-inch section in both the medium 
carbon and medium manganese steel. 

The statement on page 371 that small microscropic voids were found in the 
8-inch section is not compatible with the statement that it was well fed. The 
effect of the pouring temperature upon the mechanical properties is very inter- 
esting to foundrymen. The net result of the study of this paper by foundry- 
men and engineers will be of mutual good. 

Written Discussion: By W. J. Merten, Pittsburgh Rolls Corp., Pitts- 
burgh. 

In discussing this paper I would like to say that the authors have made a 
worthy attempt to contribute to the problem of the steel foundry involving the 
physical characteristics of large cross sectional steel castings. It should of 
course be pointed out that the limitations of cross sectional dimensions and 
weights of castings used in this investigation are so apparent that references 
to publications involving castings of so much larger cross sections and 
enormously greater weights than those presented by the authors, should be 
made cautiously and not in direct comparison. 

I wonder what the 8x 8x 12-inch test blocks would have looked like had 
they been cut from a 60-inch diameter steel casting weighing from 90,000 
pounds to 120,000 pounds. It certainly would resemble a coupon test, too 
small for direct comparison. The authors are optimistic in assuming that a 
square block or ingot 8x 8 x 12 inches, weighing with head probably 500 pounds, 
permits deductions as to mass action or mass effect upon the physical and 
mechanical properties of a 40 to 60-inch diameter steel casting weighing from 
50,000 pounds to 120,000 pounds, which are the size castings referred to in my 
paper. 

It seems of importance to re-state one of the fundamentals of a melting 
practice for highest quality steel castings whether small or large but particularly 
for large size castings “keep the temperature of the melt of steel during the 
refining and conditioning period in the melting furnace as low as is consistent 
with proper liquid dispersion of the elements of composition, allowing time 
rather than superheat to bring about proper homogeneity of the liquid bath, 
providing and allowing of course just sufficient excess heat for additions of 
ferro-alloys, tapping into the ladle and teeming from the ladle into the mold 
without having an excessive skull left in the ladle. Severe segregation of the 
elements favoring fluidity in the top center portion of large steel castings also 
promotes coarse crystallization and usually indicates a considerable degree of 
superheat and of course influences deleteriously the physical characteristics of 
the steel casting in the as-cast condition. 

For experiments conducted by the authors to study the effect of pouring 
temperatures on the quality of steel castings, the authors apparently poured 
coupons from a melt at 2900 degrees Fahr., then let the melt cool down to 2675 
degrees Fahr. and poured more coupons; it certainly is hard to imagine useful 
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‘nformation from such procedure and I would appreciate having the authors’ 
commentary as to justification for their statements. 

My experience with really large steel castings and the development in- 
volving the production of uniformly sound, high strength and ductile castings 
for over 15 years has brought out the following facts which are demonstrated 
in outstanding service performance: 

1. The coarse cast structure of large section steel castings cannot be 
modified thermally for satisfactory service performance where they are sub- 
jected to dynamic stress cycles below a temperature of 1900 degrees Fahr. 
I include in this all steel castings used for rotors, fly-wheels, rolls, etc., having 
4 minimum cross sectional dimension of 25 inches diameter and over, and the 
larger the cross sections the longer the time periods for complete homogeneous 
modification of structure of the entire cross section. 

2. Silicon is one of the outstanding metallic elements together with its 
compounds to introduce sluggish dispersion and requires the higher thermal 
ranges for its most favorable orientation. 

3. Any thermal treatment lower than 1925 degrees Fahr. for large steel 
castings immediately after stripping it from the mold is just that much waste 
of time and cannot be relied upon as producing a satisfactory article for engi- 
neering design. 

4. The thermal cycle of treatments for large cross section steel castings 
as set forth in the paper No. 2811 presented September 19, 1927, at Detroit, 
Mich., with only minor modifications to be made to take care of the presence 
of alloys added or residual, is in use this date with definite success as to its 
results and would suggest to the authors a more thorough survey of the indus- 
trial development in the production of real large steel castings and the practice 
of thermal treatments employed in their production and obtain the wealth of 
information regarding physical characteristics for engineering information and 
for use in design of machinery and apparatus. 

It is a regrettable fact that the foundrymen involved in the production of 
steel castings of large cross’ sections and considerable mass fail to recognize 
the significance of the “Soaking Pit” practice of the steel mills and its adaption 
to the steel casting heat treating and annealing practice. The soft flame soaking 
pit heat given steel ingots prior to hot mechanical working of the steel is 
very largely responsible for the improved quality of the steel mill products. 
Equally improved characteristics of large section forgings necessarily sub- 
jected to soft flame soaking heats prior to hot pressing and forging are 
recognized to be largely due to a thorough high temperature heating; and I 
do not know of a place where this method of treatment for improvement can be 
of more benefit than in the steel casting foundry, where the large size cast 
sections introduce an objection to their use in service involving reversing or 
alternating, dynamic-stress cycles. 

The question of time periods of holding steel castings for 1 hour per inch 
of section is one involving the physico-chemical results desired and considera- 
tion must be given the heating furnace equipment as well as the type of steel. 

Written Discussion: By Fred P. Peters, assistant editor, Metals and 
Alloys, New York City. 

This excellent contribution continues the study of solidification in steel 
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castings and its effect on the ultimate properties of the material that the 
authors have been carrying out for many years. As long ago as 1933* they 
stressed the necessity for mass effect studies before complete understanding of 
the general problem of solidification effects could be achieved. That they, 
themselves, have now taken the first important step in this direction is in 
itself worthy of comment. 

The data in this paper show quite conclusively the inadvisability of accept- 
ing the results of coupon tests as indicative of the properties of the respective 
steel castings. This aspect, which is of tremendous importance to the steel 
castings industry, leads us to speculate on the need for similar studies on other 
forms of steel and on other materials generally. The authors have quite 
properly confined their conclusions to the particular form and materials studied. 
It seems possible that similar differences may exist between the mechanical 
properties of small and of large pieces of other materials than cast steel. This 
possibility is supported by the authors’ observation that the three conditions 
that bear most strongly on the mechanical properties as affected by mass are 
density, carbon segregation, and microstructure. Of these, only the carbon 
segregation is characteristic of steel; differences in density and in initial grain 
size and structure could be expected in other materials. 

It is common practice in the manufacture of many metallurgical products 
to pour small samples for test purposes simultaneous with pouring of the 
casting or ingot. In wrought materials it is reasonable to suppose that progres- 
sive working and annealing may reduce initial structural differences between 
the test sample and the whole ingot or casting, but complete obliteration of 
the structural differences is doubtful, and, in fact, there is considerable evidence 
that such differences may persist throughout the metallurgical handling of the 
stock. Entirely erroneous conclusions may be derived, for example, from duc- 
tility tests made on wire drawn from a %-inch test finger supposed to be 
representative of a melt from which 6-inch square ingots, later to be drawn 
into wire, are to be poured. If the tested property is at all dependent on 
“inherent” grain size the discrepancy between the finger test and the actual 
value for the wire drawn from the ingot may be serious. 

Also, much research in the metallurgical field is conducted “in miniature” 
and the results found on samples prepared from small heats are generalized to 
apply to the material tested in the same form or shape but in almost any size. 

These remarks are not intended to minimize the importance of the authors’ 
results, but, on the contrary, to indicate the real importance of the subject to 
the whole sphere of metallurgical testing and research. 

Written Discussion: By C. H. Lorig, Battelle Memorial Institute, Colum- 
bus, Ohio. 

The effect of mass of section upon the mechanical properties of steel cast- 
ings is, as the authors point out, of practical importance to designing engineers. 
And yet, one should not overlook the fact that the steel castings industry is 
producing castings of highly complicated design that have remarkably uniform 
properties throughout sections of unequal mass. Such uniformity in properties 
is achieved by skillful gating and molding practices in the foundry, by good 

1c. W. aes sue R. A. Gezelius, “Studies on Reon and Contraction and their 


Relation to the rmation of Hot Tears in Steel aay Transactions and Bulletin, 
American Foundrymen’s Association, Vol. 5, February 1934, p. 385-448. 
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Gasr Sreee Gear Bank 


Fig. 1—Dimensions of Gear Blank Castings and Location of Test Specimens Cut 
from the Castings. . 


melting practices, and by subsequently heat treating the castings in a way to 
minimize as much as possible the influences of change in section. The skill of 
the industry in these regards is often not fully appreciated. 

A survey of properties of specimens taken from the hub, spokes and rim 
of five large gear blank castings made to the same pattern, from attached 
coupons, and from individually cast keel blocks, showed how uniform the 
properties can be. These gear castings were made in a production foundry 
from 1000-pound heats of electric furnace steel. The extra metal from each 
heat was poured into keel block castings from which were obtained a number 
of “control” specimens. The gear castings were gated into the hub and were 
fed with risers located above the hub and directly over each of the four coupons 
attached to the rim. 

The dimensions of the castings as well as the locations from which test 
specimens were taken are indicated in the drawing of Fig. 1. A photograph 
of one of the castings is shown in Fig. 2. Both figures show the positions of 
the attached test specimens or coupons. 

The steels were of the following compositions : 

Steel Cc Si Mn S Mo 


P Ni Cu 
No. Per Cent Per Cent Per Cent Per Cent Per Cent Per Cent Per Cent Per Cent 
0.19 0.44 0.60 0.031 0.028 ‘ as — 


I ‘ ‘e's 

2 0.20 0.45 0.71 0.032 0.019 2.27 eae 

3 0.20 0.54 0.82 0.027 0.019 sane 1.68 aces 
4 0.19 0.46 0.74 0.035 0.022 1.22 1.15 aba 
5 0.20 0.33 0.66 0.024 0.019 ‘ase 1.60 0.30 


Some axial shrinkage took place along the center line of the spokes and 
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Fig. 2—Photograph of Cast Steel Gear Blank Casting. 


the rim, except where the rim was fed with a riser, and specimens taken from 
these areas were somewhat low in mechanical properties. The remaining speci- 
mens were sound. 

Properties of specimens in the as-cast, full annealed, normalized or 
normalized and drawn conditions are respectively set forth in Tables I, II and 
III. Specimens were taken from the castings before heat treatment so that the 
effect of mass upon properties developed during the heat treatments was greatly 
discounted. The cast structure and the soundness of the specimens were, how- 
ever, influenced by mass. The variations in properties due to the nature of the 
cast structures of specimens taken from different sections of the castings are 
obtained from the tables. 

“As-cast” structures from the hubs were, on the average, of lower strength 
and ductility than structures from other parts of the castings or from the keel 
block, although in several instances, steels 3, 4 and 5, for example, the differ- 
ence in properties of hub specimens and keel block specimens was not very 
large. The former specimens were of lower Brinell hardness and consequently 
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of lower tensile and yield strengths. Their elongation and reduction of area 
values, on the other hand, compared favorably with those of the keel block 
specimens. Specimens from the spokes taken on either side of the axial 
specimens of steels 3, 4 and 5 showed better elongation and reduction of area 
properties than the keel block specimens. Properties of the attached coupons 
also compared favorably with properties of keel block specimens. 

On fully annealing specimens from 1650 degrees Fahr., a treatment which 
wiped out most of the structural differences, properties of specimens from 
various sections of the castings were virtually independent of the location of 
the test specimens. Specimens from the keel blocks were only slightly better 
in properties. 

The same relations appeared to hold for the normalized and normalized 
and drawn specimens. The draw temperature was selected to promote precipita- 
tion hardening in the copper-bearing steels. It was interesting to observe that 
the treatment at this temperature caused the noncopper-bearing steels to in- 
crease slightly in tensile strength, yield strength and Brinell hardness and to 
decrease slightly in elongation and impact. 

Information drawn from the above data is not entirely in agreement with 
the conclusions reached by Messrs. Briggs and Gezelius from their studies of 
the effect of mass on mechanical properties of cast steel. Loss of strength 
and ductility with increase of section for the “as-cast” steels was not as pro- 
nounced as the authors indicated it would be. Furthermore, the impact strength 
did not increase in value as the mass increased, but here the comparison must 
be made between Izod and Charpy impact values and is therefore not exact. 

It would seem that broad conclusions, such as the authors have drawn, 
will necessarily have to be modified as more information becomes available. 

Written Discussion: By John H. Hall, consulting metallurgist, Phila- 
delphia. 

The subject matter of the paper is of the greatest interest, especially in 
view of previously published articles, in some of which the claim was made 
that, by various special heat treating processes, dendritic structures in heavy 
sections of cast steel could be completely broken up. Information in the hands 
of various investigators has shown this claim to be more than doubtful, and the 
authors are to be congratulated on their contribution to the subject. 

In general, the results shown for the physical properties of heavy sections 
of cast steel are distinctly encouraging to the foundrymen, and confirm, in- 
cidentally, the conclusions of a special committee of the A.S.T.M. that made a 
series of tests on this same subject about ten years ago. The report of that 
committee evidently escaped the attention of the present authors, as it is not 
mentioned in the brief bibliography given at the end. At the time the report 
was handed in, it was distinctly encouraging to those who had entertained 
doubts as to the properties of cast steel in heavy sections. 

The data as to the different behavior of the intermediate manganese steel 
in comparison with the plain carbon steel are of interest, especially in view of 
the existing information as to the behavior of this metal in heat treatment. 
In view of the fact that intermediate manganese steel in cast form is known to 
be best heat treated by normalizing followed by a reheating at lower tempera- 
tures, rather than by ordinary full annealing, it is to be hoped that the authors 
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will be in a position to supplement their work with some data as to the 
results secured on this steel by heat treatments involving more rapid cooling 
after the heatings at the higher temperatures. The impact properties, especially, 
are known to be far better after such treatments than after full annealing, 

Results secured by myself, in investigating the properties of cast steel 
heat treated in various ways, lead me to incline to the view that the micro- 
structure has more to do with the variation of physical properties in the heavy 
sections than has the carbon segregation, and probably more than the differences 
in density. I realize that in making such a statement I am sticking my neck 
out, but believe that existing information tends to confirm these views. In 
particular, I have found that regardless of the size in which the test pieces 
were originally cast, a microstructure characterized by very fine dispersion of 
the constituents usually results in high elongation and reduction of area, 
whereas if the test piece is so treated as to result in coarse dispersion of the 
constituents, these properties will be lower. The shock toughness, also, is 
markedly affected by these variations in structure. It does not necessarily fol- 
low that similar variations in microstructure due to the variations in size of the 
test pieces as cast will have the same result, but at least they would be ex- 
pected to be similar. The fact that such variations are found, in cases where 
the densities must be closely similar, suggests that density is less important in 
determining the properties. The variations in chemical analysis found are 
rather too slight to be expected to have great influence. 

It is perhaps captious to find fault with so excellent a contribution, but 
there are two matters that require explanation. First, it is nowhere shown 
whether the coupons were cast on end with a head at one end, or horizontally 
with a head all down one long dimension. Careful reading of the paper indi- 
cates that the latter was the case, but it should be definitely stated, and foundry- 
men will be interested in the dimensions of the heads used. 

Second, the term “annealed” is everywhere used without specifying at 
what rate the pieces were cooled after the various heatings. Apparently in 
every case slow cooling was used, but information as to this, and as to the rate 
of cooling, is conspicuously lacking. As the cooling rate has a most marked 
effect upon the microstructures, data on this point should be provided. 

Written Discussion: By A. P. Gagnebin, International Nickel Co., 
Bayonne, N. J. 

The first point we should like to discuss in this paper concerns the produc- 
tion of the steels. It is believed by many that the addition of aluminum to cast 
steel lowers the ductility; two sets of data quoted in Table I demonstrate this 
point. The first, from Sims and Lillieqvist’s paper, “Inclusions in Cast Steel” 
A.I.M.E. 1932, shows that 0.05 per cent aluminum in mild steel lowered the 
reduction of area from 54 to 36 per cent; the second from McCrae’s paper 
“A Study of the So-called ‘Over-reduced’ Condition in Cast Steel,” Bureau 
of Standards 1930, shows a drop in reduction of area on the same type of steel 
from 54 per cent to between 20 and 30 per cent. Judging from Tables V and VI, 
pages 382 and 384, indicating the amount of segregation, it is presumed that the 
steels studied by the authors contained aluminum and nevertheless had excellent 
ductility. In fact, the medium carbon steel has ductility equal to the aluminum 
free steels quoted above. In view of these facts we should like to ask the 
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authors what, in their opinion, is the reason for the high ductility of their 
aluminum-containing steels and also what were the details of producing the 
steels. 

Some time ago, we had occasion to test a commercial acid electric, manga- 
nese steel and it might be appropriate to present the results here. This steel 
(Table II) contained 0.29 per cent carbon, 1.44 per cent managnese, was tested 
in 1- and 4-inch section sizes after various heat treatments. The heavier section 
had lower strength and ductility than the one inch section for the same heat 
treatment. Annealing, normalizing, oil and water quenching and drawing 
improved ductility in the order given for the one inch section; the results were 
less orderly for the heavy section, although the drastic treatments generally 
improved the properties. This manganese steel in the one inch section, annealed, 
showed the following properties: yield point 43,800, tensile strength 82,700, 
elongation 23.0 per cent, reduction in area 32.5 per cent, while the authors’ steel 
showed yield point 60,750, tensile strength 99,000, elongation 25 per cent and 
reduction in area 49.0 per cent. 

Our steel is apparently of poorer quality judging from its lower elongation 
and reduction in area, but of greater importance is the difference in tensile 
strength, 82,700 pounds per square inch and 99,000 pounds per square inch. 
Another commercial manganese steel tested, containing 0.28 per cent carbon, 
1.40 per cent manganese, had a tensile strength of 82,300 pounds per square inch 
in the annealed state. Differences in ductility are a result of quality in cast 
steel, but tensile strength, directly related to hardness except in cases of extreme 
brittleness, is the result of composition and heat treatment. Why should these 
steels with similar compositions and heat treatments differ by about 16,000 
pounds per square inch in tensile strength? We should like to have the 
authors’ opinion on this point. We congratulate the authors on a very useful 
and interesting paper. 


Table I 


Data from Sims and Lillieqvist “Inclusions in Cast Steel” 
A.1.M.E. 1932, Vol. 100, P. 169 


C 0.278, Mn 0.79, Si 0.37, P 0.030, S 0.035 
1600—2 hours—A. C. 1 Inch Section 





Yield Tensile 
Point Strength Reduction 
Pounds per Pounds per Elongation In Area Izod 
Square Inch SquareInch Per Cent Per Cent Ft. Lbs. 
0 Al 47300 79300 32.0 51.5 38.5 
45100 79400 31.5 56.6 
0.05 Al 49650 78950 26.0 36.0 27.0 
48900 79400 25.0 36.6 


Data from McCrae Et Al “A Study of the So-called Over-reduced 
Condition in Cast Steel” Bureau of Standards 1930, Vol. 5, P. 1136 
C 0.25, Mn 0.69, Si 0.375 
1-Inch ‘Section—2 Hours 1650—A. C. 
Heat No. 6704 
0 Al 


47000 77000 34.0 53.0 
0.05 Al 49000 75000 24.0 30.0 
$0000 73000 15.0 20.0 
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Table Il 
Pearlitic Manganese Steel Tested by the International Nickel Co., Bayonne, N. J. 
Acid Electric Steel 
C 0.29, Mn 1.44, Si 0.34, S 0.038, P 0.034 


1-Inch Section 
Yield Tensile 
Point Strength Red. in 
Pounds per Pounds er Elongation Area Izod 
n. 





Heat Treatment Square In. Square Per Cent Per Cent Ft. Lbs, 
A—1 hr. 1600—F.C. 43,800 82,700 23.0 32.5 5 
B—1 hr. 1600—A.C.; 1 hr. 1250 A.C. 52.700 86.200 28.0 44.3 20.5 
C—1 hr. 1600—O.Q.; 3 hrs. 1250 A.C. 65,200 90,300 26.5 53.2 44 


D—1 hr. 1600—W.Q.; 6 hrs. 1250 A.C. 65,500 88,200 27.2 57.0 39 


4-Inch Section 


A—4 hrs. 1600—F.C. 44,100 80,100 15.6 19.5 5 
A-1—4 hrs. 1600—F.C. ; 4 hrs. 1250 F.C. 43,100 79,000 27.5 43.0 8 
B—4 hrs. 1600—A.C.; 4 hrs. 1250 A.C. 47,200 79,200 27.5 40.0 25.5 
C—4 hrs. 1600—O.Q.; 4 hrs. 1250 A.C. 49,000 79,300 23.5 34.4 30 
D—4 hrs. 1600—W.Q.; 9 hrs. 1250 A.C. 49,700 79,100 28.0 48.5 32 


Written Discussion: By C. E. Sims, Battelle Memorial Institute, Colum- 
bus, Ohio. 

The authors have tackled a subject of general interest to the whole engi- 
ne*ring profession. Whereas engineers in general have been cognizant of the 
fact that there is an effect of mass and have allowed for it in their calculations, 
there have been few quantitative data published. Many such data exist in 
private files and it is to be hoped that this introduction will help to bring 
them forth. 

Several years ago I assisted in an extensive study of the effect of mass 
on the properties of cast steel. The data collected then are not now available 
to me but certain conclusions are remembered. Inasmuch as some of these 
differed in varying degrees from those of the authors I should like to present 
them for discussion. 

In regards to the rate of heating of an 8 x 8-inch section as described on 
page 370, a similar test was conducted with a 6-inch cube of steel. It was started 
in a cold furnace and heated to 1650 degrees Fahr. in about 3 hours. Simul- 
taneous readings of furnace temperature, skin temperature (taken % inch 
below the surface at the middle of one face) and center temperature were 
recorded. At low temperatures the skin lagged as much as 150 degrees behind 
the furnace temperature. As the temperature increased this difference was 
reduced; until at 1600 degrees Fahr. it was about 40 degrees. The center of 
the block reached the maximum temperature just 6 minutes after the skin. 

There is one effect of mass which has not been mentioned but which is at 
least of equal importance to those described. It is the effect of mass on the 
rate of cooling. In these tests, of course, the castings were annealed which 
would tend to minimize the effect of mass but in practice the vast majority of 
castings are not annealed. 

The exact manner of cooling the specimens described is not given and I 
should like to ask the authors whether, in their opinion, all the specimens, both 
large and small, were cooled sufficiently slowly to equalize the rate. 

At the top of page 374 it is said that, “As would normally be expected, the 
original ferrite grain size in both the as-cast and the annealed state is progres- 
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sively larger as the section increases.” Aside from the fact that ferrite grains 
are not original grains and that the original structure should not persist after 
annealing, my observations indicate that the statement is not true in all ranges 
of section. 

In studying sections up to 15 inches it was found that the primary grain 
size increased rapidly at first with increase of section, then slowed down until 
somewhere between 6 and 10 inches a maximum size seemed to be reached. 
With still larger sections the grain size at the center may actually decrease. 

This is explained by the fact that primary grain size is a function of the 
rate of freezing rather than the total time required for a section to freeze. 
Freezing takes place in a narrow zone which progresses toward the center. 
Because of the latent heat of fusion the rate of freezing is controlled by the 
rate at which heat can be dissipated at the surface. 

Quoting from page 376, “This test therefore indicates that heat treated 
trepanned specimens taken from heavy sections will not portray conditions that 
would be found if the entire coupon were given comparable heat treatments.” 

The difficulty here seems to be with the word “comparable.” Surely if the 
trepanned specimen were given the same heat treatment as the heavy section 
it would have precisely the same structure. If ome, however, were treated for 
1 hour and the other for 8 hours or if the one cooled faster because of lighter 
section they would not be the same. 

In an article’ published in 1934, the structure of a 1-inch cube from the 
center of a 6-inch cube before heat treatment and the structure at the center 
of the 6-inch cube after heat treatment-were compared. Both were treated at 
the same temperature for the same time and both air-cooled. Both had the 
same grain size but the larger section which cooled slower had thicker ferrite 
boundaries, more like a furnace cooled specimen. 

Some difficulty was experienced in interpreting the microstructures.’ They 
do not appear to be normal annealed structures. The islands of ferrite resemble 
those structures of unabsorbed ferrite obtained when the temperature is held 
between the Ac, and Ac; points. Only in Fig. 9 do normal annealed structures 
appear. I would appreciate further discussion on this by the authors. 

As indicated on pages 378 and 379, the authors found a difference in ductility 
between machined test bars and rough unmachined bars cast to size, as would 
be expected. This brings up the subject of the relation of the test bar to a 
casting. 

A test bar furnishes a means of measuring tensile properties under standard 
and comparable conditions. Any notable variation from the standard test bar 
will not give comparable results. An 8-inch gage length does not give the 
same per cent elongation as a 2-inch gage length. If a V notch be cut around 
a test bar it will break without measurable deformation. In neither case is the 
ductility of the steel or any other property affected, only the results are 
changed. It seems evident, therefore, that the erratic results yielded by the 
rough cast bars tell nothing of the comparative ductility of the steel. 

Summarizing the data one gets the impression that the effect of mass on 
the physical properties of cast steel is not particularly damaging. 





E. Sims, ae Treatment for Grain Size in Cast Steel,” Metal Progress, Vol. 26, 
Sept eal 1934, p. 
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Oral Discussion 


C. E. Stms: I desire at this time to make some comments in regard to 
Mr. Merten’s discussion. Considerable work has been done to check the state- 
ments made in his papers that were published some years ago. In those papers 
he describes a structure revealed by macro etching of cast steel and which js 
commonly known as a dendritic structure. This structure is more evident in 
large sections than in small sections because it is on a larger scale in the 
former. Mr. Merten claims that this dendritic structure cannot be broken up 
when the steel is annealed at temperatures lower than 1900 degrees Fahr. 
This is true but it is also true that it cannot be erradicated at temperatures 
above 1900 degrees Fahr. in any practical manner. 

This so-called dendritic structure is not a true dendritic structure. It is 
rather pseudo dendritic; an imprint of dendrites which have long since dis- 
appeared. It shows up after acid etching or heat tinting which is due in part 
to small differences in composition but mainly to differences in density between 
the parts composing the pattern. 

A number of investigators have been perturbed at times over these so-called 
dendrites but numerous tests have tended to show that there is little cause for 
worry. Impact specimens taken parallel to the dendrites and compared with 
specimens taken across the dendrites show no difference. Dendritic sections of 
the steel compared with sections that are not dendritic, of the same composition, 
often exhibit properties favorable to the dendritic structure. 

In all the tests of which I have personal knowledge which have been made 
to test the improvement in cast steels produced by annealing at extraordinarily 
high temperatures, only negative results have been obtained. I know of no 
producer of large castings who is resorting to these extremely high tempera- 
tures to improve his castings. 


Authors’ Reply 


We wish to thank all those who contributed to this discussion. We feel 
that it has done much to clear up many points, not only in the paper itself 
but also many which apply to the general subject of the properties of cast steel. 

Mr. Caine requested further information on the type of steel used for this 
publication. The steel was prepared in an electric arc furnace using the basic 
process. The aluminum addition was approximately one pound per ton of steel. 

The inclusions found were globular in form and were found to be slightly 
larger and fewer in the heavier sections. 

We have no explanation for the rise in impact value recorded with an 
increase in section. 

We wish to thank Mr. Peters for the interest that he has taken in our 
publications and the discussion that he presented. We agree with him that 
caution should be exercised in interpreting data collected on a laboratory scale 
as results of this type may not correctly portray the conditions actually exist- 
ing in production. 

We wish to thank Mr. Phillips for the interest he has shown and also 
for the additional data and clarifying remarks on the statement regarding 
aluminum additions appearing in the 1937 report of the A.F.A. Steel Division 
Committee on Test Coupons. 
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The bars cast to size were prepared in ordinary green sand molds. The 
suriace on these bars was similar to that found in ordinary green sand castings 
as no extra precautions were taken. The bars were cast horizontally with the 
head and gate at the same end. The bars were all radiographed prior to testing. 
Any bars having defects other than slight axial weakness were discarded. 

We disagree with Mr. Phillips in that we believe that it is possible to find 
microscopic voids even,in some “well-fed” sections. It should be noted that 
these microscopic voids; were found only in the 8-inch section which was also 
the only section exhibiting large dendrites. It is possible that these dendrites 
in solidifying may meet in such a manner that these voids are formed and 
totally surrounded by dendritic material. When this condition prevails the 
presence of additional molten metal will not preclude microscopic voids. 

We have not, as Mr. Merten states, made any assumptions that the data we 
have shown indicate what may be expected in larger cross sections, nor have 
we made any direct comparisons with the work performed by Mr. Merten. We 
merely stated that the conclusions he formed using larger sections did not seem 
to apply to the analyses and sections that we studied. 

Mr. Merten has questioned the value of a study on the effect of pouring 
temperature during which data were obtained by pouring coupons at 2800 de- 
grees Fahr. and then pouring additional coupons after the same heat had cooled 
to 2675 degrees Fahr. The work was carried out in this manner as (1) it is 
extremely difficult to produce two heats that are identical in all respects, and 
(2) it is common practice in many steel castings plants to tap the heat, record 
the temperature optically and then hold-the heat until the desired pouring tem- 
perature is obtained. Even if this is not done intentionally there is a decided 
drop in temperature in pouring a large floor of molds. We, therefore, believe 
that the procedure we followed is similar to that actually found in a commercial 
foundry and cannot understand Mr. Merten’s objections to this procedure. 

Mr. Merten stated that “the coarse cast structure of large section steel 
castings cannot be modified thermally for satisfactory performance *** below 
a temperature of 1900 degrees Fahr.” and includes in this “all steel sections 
*** having a minimum cross sectional dimension of 25 inches diameter and 
over ***.” We have no data on sections as large as those mentioned by Mr. 
Merten, and, therefore, cannot discuss it critically. We would be pleased if 
Mr. Merten would publish any data that he has upon sections of this size as it 
has been our experience that even in sections with a minimum cross section 
of 8 inches it is impossible to break down the so-called dentritic structure by 
thermal treatment. As stated in the paper on pages 376-377, annealing a section 
of the 8-inch coupon at 2050 degrees Fahr. failed to remove the “dendrites.” 
We are particularly interested in data on the heavy sections Mr. Merten men- 
tions (25 inches in diameter or over) for, as far as we know, no data of this 
type have ever been published. The largest section discussed in Mr. Merten’s 
Previous publication on the subject (2) has a minimum thickness of 14 inches 
and cannot, as he intimates, substantiate the opinions expressed in his discussion. 

We wish to thank Dr. Lorig for the additional data that he presented in 
his discussion. We hope that considerably more data may become available. 
We should, however, like to analyze the conclusions that he has drawn from 
the material that he has presented. 
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Dr. Lorig states: “Information drawn from the *** data is not entirely 
in agreement with the conclusions reached by Messrs. Briggs and Gezelius *** . 
Loss of strength and ductility with increase of section for the ‘as cast’ steels 
was not as pronounced as the authors indicated it would be. Furthermore, the 
impact strength did not increase in value as the mass increased *** . It would 
seem that broad conclusions, such as the authors have drawn, will necessarily 
have to be modified as more information becomes available.” 

In confirmation of these conclusions Dr. Lorig presents data obtained on 
specimens procured from various locations in a cast gear blank. In his dis- 
cussion he points out that “specimens were taken from the castings before heat 
treatment so that the effect of mass upon properties developed during heat 
treatment was greatly discounted.” We have pointed out that specimens heat 
treated in this manner do not produce results that are comparable to those ob- 
tained when the section is heat treated prior to the removal of the sample. We, 
therefore, fail to see any justification for a comparison of the results on heat 
treated material as presented in the paper and submitted in Dr. Lorig’s dis- 
cussion. 

We most certainly agree with Dr. Lorig that the conclusions “will neces- 
sarily have to be modified as more information becomes available.” However, 
we should like to point out that, contrary to Dr. Lorig’s statement, we have 
presented no “broad conclusions” but that, as we stated on page 369, “these data 
can refer only to the analyses studied and can only be indicative of the proper- 
ties of other cast steels produced in similar sections.” 

Steel No. 1 reported upon by Dr. Lorig is the only alloy he discusses which 
has a chemical composition similar to one of those discussed in the paper. Let 
us examine the data on this material critically. 

We have pointed out in a previous publication’ that the smallest dimension 
of a section is the governing factor in the solidification of a section of a steel 
casting. If we examine the sketch that Dr. Lorig submitted with his discussion, 
we find that the minimum thickness of the spoke varies from 1% to 1% inches. 
The thickness of the rim at the location from which the specimen was presum- 
ably taken is 2% inches. It is difficult to determine the effective thickness of 
the hub, and therefore we have used the thickness from the edge of the hole to 
the edge of the hub plus the thickness of the rim to which the spokes are joined 
as the rim probably affects the solidification of the hub. This dimension is 
therefore considered as 4% inches. The minimum thickness of the coupon is 
given in the discussion as % inch and it has been assumed that the keel block 
has a similar thickness. 

The data presented by Dr. Lorig, using these dimensions, have been plotted 
in Fig. 1. That portion of our data applicable to the thicknesses reported on 
by Dr. Lorig has been indicated on the same scale. If these curves are com- 
pared, it may be noted that the “loss of strength *** with increase in section” 
is of a similar order, although the decrease is slightly less in the steel reported 
on by Dr. Lorig. The rate of decrease of the elongation and reduction in area is 
greater in the steel reported on by Dr. Lorig than in the data we presénted in 
our paper. 

It should also be noted that, considering the results obtained on the casting 


1C, Briggs and R. Gezelius—Transactions, A. F. A. 1936, p. 274. 
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tirely itself, the impact strength increases with an increase in section. This is also 
+ true with composition No. 2 and to a much less degree with composition No. 5. 
steels Therefore, considering that portion of data presented by Dr. Lorig which 
e, the is applicable to the paper, we feel that the conclusions we have drawn are 
would “indicative of the properties of other cast steels produced in similar sections.” 
sarily And, considering these data, we wonder how Dr. Lorig could logically arrive 
at the conclusions he presents. 
ed on 
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Mr. Sims has called attention to the fact that, using a 6-inch cube, he ob- 
tained a heating rate different from that which we showed for an 8 x 8 x 12-inch 
block. It is very easy to understand why his rate of heating might not coincide 
with ours, since the heating rate is a function of the furnace and would of 
course depend upon the amount of heat that the furnace could supply. Our 
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furnace facilities were really too small for an 8-inch block of steel. The data 
Mr. Sims presents show that his furnace was larger and supplied more heat 
than ours. 

We are well aware of the fact that mass affects the cooling rate and, 
while we appreciate the fact that the majority of commercial castings are nor- 
malized rather than annealed, we felt that for the sake of comparison it was 
necessary to maintain a similar cooling rate for all of the specimens. 

A cooling rate, from the annealing temperature down through the critical 
range, of approximately 0.5 degree Fahr. per minute was maintained. 

We thank Mr. Sims for correcting our faulty terminology as set forth at 
the top of page 374. We should like to restate this paragraph in the words of 
Jones and Foster (7) which we feel are concise and with which we most heartily 
agree. Messrs. Jones and Foster state: “There is very little difference in the 
microstructure after annealing, with the exception that after two hours anneal- 
ing (using a l-inch section) the pearlite, under high magnification, is definitely 
coarser” and that “the effect of annealing is to refine the grain by recrystalliza- 
tion, but the dendritic pattern still persists on a macroscopic scale and recrystal- 
lization has taken place in situ or has been dominated by the dendritic pattern.” 

Quoting from Mr. Sims’ discussion, “Some difficulty was experienced in 
interpreting the microstructures. They do not appear to be normal annealed 
structures,” but those “obtained when the temperature is held between the Ac, 
and Ac; points.” We presume that Mr. Sims insinuates that we were unable 
to distinguish the difference between temperatures of 1350 degrees Fahr., and 
1650 degrees Fahr. We wish to correct any such impression, for we can truth- 
fully state that the temperatures we reported were. correct to within +10 
degrees Fahr. The structures that are exhibited in the paper are most certainly 
normal annealed structures and for Mr. Sims’ edification we are submitting a 
list of references to which he may turn for confirmation and comparison: 

1. Sauveur, “The Metallography and Heat Treatment of Iron and 
Steel,” (3rd Edition), Fig. 183, page 205. 

2. Sisco, “Alloys of Iron-Carbon (Vol. II)” of “Alloys of Iron 
Monographs,” Fig. 8, page 66. 

3. Melmoth, Trans. A. F. A. (1931), page 475, 479. 

Duma, Trans. Am. Soc. Met., Vol. 25, September 1937. 

5. Grotts, Trans. A. F. A., April 1934, Fig. 5A, page 543. 
Grotts, Trans. A. F. A., April 1934, Fig. 7F, page 547. 
Grotts, Trans. A. F. A., April 1934, Fig. 8A, page 548. 
Grotts, Trans. A. F. A., April 1934, Fig. 11A, page 549. 

6. Melmoth, Trans. A. F. A., May 1928, Fig. 5. page 350. 

7. Jones and Foster, Proc. South Wales Inst. Engrs., Vol. 48 (1932-33), 
Figs. 10, 11, 12, 13, 14, page 52. 

We are well aware of the function of the tensile test and the fact that 
notable variations from the standard test bar will not give comparable results. 
Our purpose in presenting data on bars cast to size was to inform engineers 
and others of the properties of castings that may have sections similar to those 
tested. Everyone knows that most castings are used in commercial installations 
with the cast surfaces exposed. Thus the properties reported are an indication 
of what the section will withstand and it is not at all a test of the most favor- 
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able properties of the steel, nor a direct comparison of two types of test speci- 
mens. 

We wish to thank Mr. Hall for calling to our attention the work that was 
carried on by an A.S.T.M. committee several years ago, and also for pointing 
out that the results obtained at that time were very similar to those we presented. 

Mr. Hall has also called to our attention the fact that we failed to state 
definitely how the coupons used throughout the tests were poured. Mr. Hall is 
correct in assuming that the coupons were cast horizontally with a head along 
the entire upper surface. These heads had a volume of approximately 50 per 
cent of the coupon except in the case of the smaller coupons where the volume 
of the head was a little greater with respect to the size of the casting. 

The answer to Mr. Hall’s question on the cooling rate used has been 
stated in the reply to the discussion presented by Mr. Sims. 

Mr. Gagnebin discusses the fact that previous publications indicate that the 
addition of aluminum to cast steels decreases the ductility and that this is not 
exhibited by the steel we used in collecting our data. We should like to point 
out that the investigators cited by Mr. Gagnebin used acid steel for their in- 
vestigations whereas the steel we reported on was manufactured by the basic 
process. 

Mr. Phillips, in discussing this paper, pointed out that apparently basic 
steel is not so susceptible as acid steel to the addition of aluminum. This fact 
was also brought out at the Battelle Foundry Conference as reported in Metal 
Progress, November 1937. 

We cannot explain the difference in tensile strengths noted by Mr. Gagnebin 
except by pointing out that again the steels considered are produced by the 
acid and basic processes, respectively. The results we listed are comparable 
to those ordinarily obtained in several of the Navy Yards on similar steels 
made by the basic process. It should be noted that the steel we used had an 
analysis of 0.34 per cent carbon and 1.46 per cent manganese, and those cited 
by Mr. Gagnebin analyzed 0.29 per cent carbon, 1.44 per cent manganese, and 
0.28 per cent carbon, 1.40 per cent manganese. The difference in carbon con- 
tent would, of course, account for a portion of the difference. 











EFFECT OF CARBON ON THE HARDENABILITY OF 
HIGH PURITY IRON-CARBON ALLOYS 


By Tuomas G. DiGcEs 


Abstract 


High purity iron-carbon alloys, varying only in carbon 
content from 0.23 to 1.21 per cent, were prepared by 
carburizing vacuum-fused electrolytic iron in a hydrogen- 
benzene mixture. Homogeneity of the alloys was obtained 
by heating and cooling the carburized bars in vacuo. The 
total maximum value of all impurities determined by 
spectrochemical, chemical, and vacuum fusion methods of 
analysis was about 0.03 per cent. Determinations of the 
critical cooling rates of the alloys were made by quenching 
directly from the temperature establishing a constant aus- 
tenitic grain size with all carbon in solution. 


I. INTRODUCTION 


HE composition and grain size of austenite are now recognized 

as factors that influence the critical cooling rate or hardenability 
of steel. In previous investigations on the effect of carbon on the 
critical cooling rate, carried out at the National Bureau of Standards’ 
with plain carbon steels, and by other investigators? with high purity 
iron-carbon alloys, due regard was not given to the simultaneous 
influence of the austenitic grain size. At the time this study was 
made at the National Bureau of Standards, it was recognized that 
wide variations existed in the hardening characteristics of different 
heats of steel of apparently the same composition. However, the 
marked influence of austenitic grain size on the hardenability of steel 
was not then recognized. 

The experimental work described in the present report is part 
of a study of the influence of carbon on the critical cooling rates of 
plain carbon steels and iron-carbon alloys. This report is limited to 





1H. J. French and O. ¥ Klopsch Quenchin Diagrams for Carbon Steels in Relation 
to Some Quenching Media for Heat Teesteen RANSACTIONS, American Society for Steel 
Treating, Vol. 6, 1924, p. 251-294. 


2H. Esser, W. Eilender and E. Spenle, “Quenching Diagrams of the Iron-Carbon AI- 
loys,” Archiv fiir das Eisenhiittenwesen, Vol. 6, 1933, p. 389-393. 





A paper presented before the Nineteenth Annual Convention of the Society 
held in Atlantic City, October 18 to 22, 1937. The author, Thomas G. Digges, 
is metallurgist, National Bureau of Standards, Washington, D. C. Manuscript 
received June 24, 1937. 


408 








)F 


nized 
bility 
n the 
ards! 
urity 
neous 
r was 
| that 
erent 
*, the 
steel 


| part 
es of 
ed to 


telation 
r Steel 


yon Al- 


ociety 


igges, 
iscript 


1938 IRON-CARBON ALLOYS 409 


a description of the preparation of a series of high purity iron- 
carbon alloys varying only in carbon content, and the influence of 
carbon on the critical cooling rate. The critical cooling rate is an 
index of the hardenability of these alloys. Critical cooling rate 
determinations were made of the alloys quenched directly from the 
temperature required for establishing a constant austenitic grain size 
in each of the alloys with all of the carbon in solution. 


II. PREPARATION OF IRON-CARBON ALLOYS 


A heat of high purity iron was used as the basic material for the 
iron-carbon alloys. This heat was prepared by melting and solidify- 
ing electrolytic iron in vacuo in a crucible of chemically pure magnesia 
bonded with a solution of 2 to 3 per cent of magnesium chloride in 
water. The ingot, about 17 inches in diameter at the top, 154 inches 
in diameter at the bottom and 334 inches long, had the surface imper- 
fections removed before splitting longitudinally into two approxi- 
mately equal sections preparatory to mechanical working. All the 
specimens of the iron-carbon alloys were prepared from this ingot. 

Hot working was carried out at an initial temperature of 2100 
to 2200 degrees Fahr., the material being forged until reduced in 
thickness to about 34 inch and then hot-rolled to bars about % inch 
thick. The scale formed on the surface of the bars during hot 
working was removed by grinding before cold rolling to the final 
form of plates, 0.040 inch thick. Prior to carburizing, these plates 
were cut into strips and\annealed at 1100 degrees Fahr. for % hour 
either in vacuo or in a reducing atmosphere to remove the effects of 
cold working. 

The advantages of preparing high purity iron-carbon alloys by 
carburization in gases have been pointed out by Mehl and Wells.® 
They prepared a series of high purity alloys from hydrogen-purified 
carbonyl iron by carburization in mixtures of dipentene-hydrogen 
and dipentene-benzene-hydrogen. These alloys were homogeneous in 
the carburized condition. 

Preliminary carburizing experiments with propane as the car- 
burizer gave unsatisfactory results. The study made included the 
effects of temperature, rate of flow, concentration, direction of flow, 
and agitation of the gas, on the uniformity of carburization of the 
iron. Benzene, however, proved to be entirely satisfactory for uni- 





*R. F. Mehl and Cyril Wells, “Constitution of High Purity Iron-Carbon Alloy,” Metals 
Technology, T. P. 798, Vol. 4, June 1937 
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formly carburizing the iron to the predetermined or desired carbon 
content. 

Specimens of the high purity iron were carburized in a mixture 
of hydrogen and benzene (less than 0.003 per cent sulphur) within 
the temperature range of 1670 to 1700 degrees Fahr. and with a gas 
flow of 90 to 100 cubic centimeters per minute. The assembly of the 
apparatus used is shown in Fig. 1. The hydrogen was purified by 
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Fig. 1—Diagram of Apparatus Used for Carburizing with Hydrogen-Benzene Mixture. 


passing it through ascarite (B) and silica gel (D) contained in a 
vertical tube heated electrically to 1300 to 1475 degrees Fahr., and 
then through magnesium perchlorate (E) and phosphorus pentoxide 
(F). ‘The dry hydrogen next passed through the benzene (G) main- 
tained at a temperature of 60 to 65 degrees Fahr. by a water bath (1) 
in a Dewar flask (H), then through the orifice (K) and around the 
specimen (M) suspended vertically in a quartz tube by a wire of 
the same material as the specimen, and finally into the air at the 
exhaust (N) end of the furnace. 

The desired gas flow was maintained during carburizing by 
regulating the pressure of the system, as indicated by the oil mano- 
meter (J), with reducing and needle valves attached to the hydrogen 
tank. 
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The furnace constructed especially to obtain uniform heating of 
the specimens, consisted essentially of an alundum tube wound with 
nichrome wire, with a compensating coil placed at each end of the 
furnace over the main heating coil. The temperature was adjusted 
and controlled by independent adjustment of the current in each of 
the three branches of the heating circuit. By preliminary tests made 
prior to the carburizing treatment, the conditions necessary for 
establishing a uniform temperature were determined, and the current 
input necessary for maintaining equilibrium at the desired tempera- 
ture ascertained. The procedure for carburizing was as follows :— 
After obtaining a uniform temperature in the carburizing zone of the 
furnace with the gas flowing at the required rate, the high purity iron 
specimen (0.040—0.041 by 0.275—0.300 by 8 inches long) cleaned 
with 1 G emery paper and washed in xylene, was inserted in the 


Per Cent Carbon 





Time , Minutes 


Fig. 2—Relation of Carbon Content to Time for Carburiz- 
ing Specimens of High Purity Iron, 0.040 Inch Thick, at 1670 
to 1700 Degrees Fabr. with ydren en-Benzene Méxture. 
terminations for Carbon Were Made on the Bars After the 
Treatment for Homogeneity. 


cold zone of the quartz tube at the top of the furnace. After remain- 
ing in this zone from 1 to 2 minutes, the specimen was lowered with- 
out touching the walls of the tube into the carburizing zone, held for 
a predetermined time, and returned to the cold zone to cool in a 
reducing atmosphere to an estimated temperature range of 200 to 
400 degrees Fahr. It was finally allowed to cool to room temperature 
in air. The time of carburizing varied with the desired carbon con- 
tent of the alloy, as is shown in Fig. 2 
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The carburized bars were ground to a width of 0.250 inch, by 
removing approximately equal amounts from each edge, before being 
heated in vacuo at 1670 to 1700 degrees Fahr. for 4 to 5 hours to 
produce uniform distribution of the carbon in the cross section. This 
heat treatment was carried out in a clear quartz tube, with the bar in 
a horizontal position with each end resting on a support of the same 
material as the bar. The evacuated quartz tube containing the 
specimen was allowed to cool in air from the high temperature to 
room temperature. This cooling was sufficiently rapid to form sorbite 
or fine pearlite in the alloys, as is shown for the 0.23 and 1.21 per 
cent carbon alloys in Fig. 3. Specimens subsequently used for the 
determination of the austenitic grain size and critical cooling rate 
had this initial. structure of fine pearlite. 





Fig. 3—Structure of Iron-carbon Alloys After Treatment for Homogeneity. Fine 
Pearlite or Sorbite Representative of the Initial Structure of the Alloys for Austenitic 
Grain Size and Critical Cooling Rate Determinations. Etched with 1 Per Cent Nitric 
aa in Alcohol. X 500. Fig. 3A—0.23 Per Cent Carbon. Fig. 3B—1.21 Per Cent 

arbpon. 


III. Microscopic EXAMINATION 


Pieces, 4 to % inch long, were cut and discarded from each end 
of all the bars after the treatment for homogeneity. Microscopic 
examination of the cross section at each end of the bars (after the 
end pieces were removed) showed the carbon to be of the desired 
uniformity. This is illustrated in Fig. 4 by the microstructures of 
four of the alloys annealed at- 1700 degrees Fahr. for 1 hour in 
vacuo after the treatment for homogeneity. These micrographs show 
the structure of the bar from one surface almost to the opposite 
surface. (The actual cross sections were 0.040—0.041 inch thick). 
This annealing treatment produced abnormal structures in the hyper- 
eutectoid alloys as shown in the 1.21 per cent carbon alloy by the 
coalesced masses of cementite partially or entirely surrounded by 
ferrite. 
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IV. CHEMICAL COMPOSITION 


Spectrochemical and chemical analyses were made on specimens 
of the iron-carbon alloys as well as determination of gas evolved dur- 





Fig. 4—Structure of Annealed Iron-carbon Alloys. Specimens Annealed 1700 
Degrees Fahr. for 1 Hour in Vacuo After Treatment for Homogeneity. The Length 
of the Micrographs Represents Practically the Entire Thickness of the Bars. The Left 
Border of the Micrographs Shows the Structure at the Extreme Edge of the Specimens. 
Etched with Equal Parts of Nitric Acid (1 Per Cent) and Picric Acid (5 Per Cent) in 
Alcohol. X 100. Fig. 4A—0.23 Per Cent Carbon. Fig. 4B—0.50 Per Cent Carbon. 
Fig. 4C—0.85 Per Cent Carbon. Fig. 4D--1.21 Per Cent Carbon. 
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ing vacuum fusion. The arc spectrum of the alloy was examined 
for the sensitive lines of Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cb, Cd, 
Ce, Co, Cr, Cu, Fe, Ga, Ge, Hf, Hg, In, Ir, K, Li, Mg, Mn, Mo, 
Na, Ni, Os, Pb, Pd, Pt, Rh, Ru, Sb, Sc, Si, Sn, Sr, Ta, Th, Ti, Ti, 
U, V, W, Y, Zn and Zr. The elements other than iron found present 
were Ca, Co, Cu, Mg, Mn, Ni, Pb and Si (Table I). 

Chemical analyses of the electrolytic iron before and after 
vacuum fusion, and of the carburized alloys, showed no pick-up in 
silicon, sulphur, or manganese, in the various operations incident to 
the preparation of the alloys. Likewise, analyses by the vacuum 
fusion method showed no difference in the oxygen, nitrogen, or 
hydrogen contents of the iron-carbon alloys and the high purity iron 
as cast or as worked. 





Table I 
Impurities Determined in the Iron-Carbon Alloys 


Analysis! (Per Cent by Weight) 


Element Spectrochemical? Chemical Vacuum Fusion 
SNES 808 oe oe 0.002 
Phosphorus kaa less than 0.001 
EY yo SUR” eae 0.004 
Silicon 0.001 0.002 
al less than 0.001 not detected osha 
Nic 0.006 Re cee ae 
Cabalt pe alae 0.007 abe 
Calcium less than 0.001 hres 
Lead probably less than 0.001 oe 
Magnesium bena tee Geen. = bees 3b one 
NN eS leah Se aa eid 0.003 
NE ate A Se aie 0.001 
ER A ee a ners 0.0002 


1Determinations were made on specimens from the bars after carburizing and heat 
treatment for homogeneity except as tem :—Values of nickel, cobalt, and copper by chem- 
ical analysis were obtained from the electrolytic iron prior to melting, and the values of 
manganese and phosphorus by chemical analysis were obtained from the bars as a 
Spectrochemical analyses were made by B. F. Scribner, a analyses by W. H. Jukkola 
and J. L. Hague, and vacuum fusion analyses by V. C. F. Holm, all members of the staff 
of the National Bureau of Standards. 
2Spectrum lines of cobalt and manganese were also found. 





The results of the analyses, given in Table I, show that sulphur, 
nickel, cobalt and oxygen were the major impurities contained in the 
alloys. These elements accounted for about 0.021 per cent of the 
impurities. The total maximum determined percentage for all im- 
purities was about 0.031 by weight. 

Carbon was also determined in specimens cut from opposite 
ends of the 7%4-inch bars. Some of the alloys had the same carbon 
content at both ends. Maximum variation in the carbon value 
determined in any of the alloys was 0.04 per cent. This, however, 
was an extreme case, and it is believed that the values for carbon 
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_. Fig. 5—Grain Size of Iron-carbon Alloys at 1700 Degrees Fahr. Austenitic Grain 
Size of 6 to 12 Grain Per Souece Inch at X 100. (A.S.T.M. Grain Number 4). Etched 
1 Per Cent Nitric Acid in Alcohol. X 100. Fig. 5A—0.23 Per Cent Carbon. Fig. 5B— 
0.62 Per Cent Carbon. Fig. 5C—1.01 Per Cent Carbon. Fig. 5D—1.21 Per Cent Carbon. 
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are within 0.01 or 0.02 per cent of the values shown in the various 
figures given in this report. In the alloys prepared later the carbon 
was determined only in one section. This was adjacent to the speci- 
mens used for the determinations of austenitic grain size and critical 
cooling rate. 


V. AUSTENITIC GRAIN SIZE 


Austenitic grain size was determined for the highest-carbon alloy 
at a temperature sufficiently high to dissolve all the carbon. Subse- 
quent tests on the lower carbon alloys showed that variations in 
carbon did not affect the grain size at this selected temperature of 
1700 degrees Fahr. 

The specimens for the determination of the austenitic grain size 
had the same initial structure and were of the same shape and size as 
those used for the determination of the critical cooling rates. They 
were heated in the same manner, held for the same time at the same 
temperature, and were then cooled in a manner suitable for outlining 
the grains. 

Each of the carbon alloys had an average grain size of 6 to 12 
grains per square inch at 100 diameters (A.S.T.M. grain number 4) 
at 1700 degrees Fahr. Fig. 5 shows the grain size for the 0.23, 
0.62, 1.01 and 1.21 per cent carbon alloys at 1700 degrees Fahr. 


VI. CriticaL CooLtinc RATE 


The critical cooling rate was determined for each of the iron- 
carbon alloys containing 0.23, 0.40, 0.50, 0.62, 0.73, 0.80, 0.85, 1.01, 
1.14 and 1.21 per cent carbon, respectively, quenched from the tem- 
perature establishing a constant austenitic grain size and with all the 
carbon in solution. 

The work by Davenport and Bain* showed that the hardenability 
of a steel depends upon the stability of its austenite on cooling through 
the temperature range of about 1110 to 930 degrees Fahr. This is 
the upper temperature range in which the austenite is most likely to 
decompose and in which its decomposition products are relatively soft. 
If by a continuous quench to room temperature, the austenite is cooled 
through this temperature range without decomposing, it transforms 
only in the range below about 300 degrees Fahr. and the product of 

‘E. S. Davenport and E. C. Bain, “Transformation of Austenite at Constant Sub-Critical 


Temperatures,’ Transactions, American Institute of Mining and Metallurgical Engineers, 
Iron and Steel Division, Vol. 90, 1930, p. 117-154. 
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decomposition is martensite, and in this condition the steel is fully 
hardened. At some cooling rate, called the critical cooling rate, the 
austenite just begins decomposing in the range, 1110 to 930 degrees 
Fahr. Obviously, the critical cooling rate of a steel is an index of 
the stability of the austenite in this temperature range. The slower 
the critical cooling rate or the deeper the hardening, the more stable 
is its austenite in the temperature range, 1110 to 930 degrees Fahr. 
In the present experiments, the critical cooling rate was taken as the 
average cooling rate between 1110 and 930 degrees Fahr. which pro- 
duced in the quenched specimen a structure of martensite with nodu- 
lar troostite (fine pearlite) in amounts estimated to be between 1 and 
3 per cent. 

For the determination of the critical cooling rate, specimens 4 
inch square by 0.040 inch thick were quenched from 1700 degrees 
Fahr. As previously shown, this temperature established a constant 
austenitic grain size for all the alloys with all the carbon dissolved in 
the austenite. One wire of a 22-gage chromel-alumel thermocouple 
was spot-welded to the center of the flat face of the specimen and 
the other wire spot-welded to the center-of the opposite face. The 
specimens were heated in an atmosphere of dry nitrogen at a rapid 
rate, approximately 1 minute being required to reach the desired 
temperature, held at that temperature for 15 minutes, and quenched 
directly in a sodium silicate water bath sealing the bottom end of the 
vertical tube of the heating furnace. The bath was covered with a 
layer of quenching oil to prevent the nitrogen from becoming moist, 
which thereby minimized oxidation during the entire time of heating 
and cooling the specimens. Required cooling rates were obtained by 
varying the sodium silicate content of the quenching bath. A photo- 
graphic time-temperature curve was obtained during the quench by 
means of a string-galvanometer apparatus described in a previous 
publication.* 

For correlating the cooling rate with the microstructure, micro- 
scopic examinations were made of the quenched specimens on the 
cross section of the 0.040-inch sheet a short distance from the point 
of contact of the thermocouple wire. 

The relation between the time required to cool from 1110 to 930 
degrees Fahr. and the carbon content of the different alloys is shown 
in Fig. 6. The estimated amounts of nodular troostite formed with 
the various quenching rates are also shown in this figure, together 
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with the curve representing the relation of the critical cooling time to 
the carbon content. The points below the curve were obtained on 
specimens which were cooled at a rate too rapid to permit the aus- 
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Fig. 6—Time Required for the Iron-carbon Alloys to Cool from 1110 to 
930 Degrees Fahr. When Quenched from 1700 Degrees Fahr. The Specimens 
Were 4% Inch Square by 0.040 Inch Thick. 


tenite to decompose in the temperature range 1110 to 930 degrees 
Fahr. whereas the points above the curve were obtained on specimens 
cooled sufficiently slowly to allow more than the critical amount (1 to 
3 per cent) of the austenite to transform. 

For convenient comparison, the relation of critical cooling rate 
to carbon content is shown in Fig. 7. For the selected conditions, 
constant austenitic grain size and solution of all carbon in the aus- 
tenite, the critical cooling rate of the high purity iron-carbon alloys 
decreased continuously with increase in carbon from 0.23 to 1.21 per 
cent. That is, the hypereutectoid alloys had slower critical cooling 
rates (were deeper-hardening) than either the alloys of eutectoid or 
hypoeutectoid composition. However, the effect on the critical cool- 
ing rate of a small change in the carbon content of the lower carbon 
alloys was more marked than a corresponding change in the higher 
carbon alloys. For example, an increase in.carbon from 0.23 to 0.33 
per cent decreased the critical cooling rate by about 450 degrees Fahr. 
per second, whereas an increase in the carbon from 1.10 to 1.20 per 
cent decreased the critical cooling rate only about 50 degrees Fahr. 
per second. 

An important feature brought out in the present experiments, 
therefore, is the influence of the carbon content of the austenite on 


1938 


hard 
critic 
the a 
deptl 
ture 


for 

of t 
resp 
solu 
it W 


cool 
carl 
are 

cool 
ing 

allo 
dete 
cent 
abo 
deg 


the 


—_— 


Tool 





June 


ime to 
ed on 
eC aus- 


ns 


egrees 
‘mens 


(1 to 


g rate 
itions, 
e aus- 
alloys 
21 per 
ooling 
oid or 
| cool- 
arbon 
higher 
o 0.33 
Fahr. 
20) per 
Fahr. 


nents, 
ite on 


1938 IRON-CARBON ALLOYS 419 


hardenability. Since this was the only variable in the experiments on 
critical cooling rates, the differences observed in the hardenability of 
the alloys are attributed to this factor. However, to obtain the full 
depth of hardening of the alloy, it is necessary to heat to a tempera- 
ture sufficiently high to insure complete solution of the carbon. 





O 
0.20 0.40 0.60 0.80 1.00 120 
Per Cent Carbon 


Fig. 7—Relation of Critical Cooling Rate to Carbon Content of 
the Iron-carbon Alloys. 


Comparison of the critical cooling rate previously determined® 
for plain carbon steels containing about 1 per cent carbon with that 
of the high purity iron-carbon alloy under similar conditions with 
respect to austenitic grain size and carbon content with all carbon in 
solution shows that the alloy had a considerably higher rate, that is, 
it was comparatively shallow-hardening. 

The results of investigations on the effect of carbon on critical 
cooling rate by Esser, Eilender and Spenle? for high purity iron- 
carbon alloys, and by French and Klopsch* for plain carbon steels, 
are summarized in Fig. 8. In the experiments by the former, the 
cooling rate was determined at 1470 to 1290 degrees Fahr. by quench- 
ing in gas from about 1800 degrees Fahr. thin wires of iron-carbon 
alloys prepared from carbonyl iron and carbon. French and Klopsch 
determined the critical cooling rate at 1330 degrees Fahr. for the 
center of cylinders %4 inch diameter by 2 inches long quenched from 
about 135 degrees Fahr. above Ac, for hypoeutectoid steels and 135 
degrees Fahr. above Ac, for hypereutectoid steels. 

The results of Fig. 8 show that the critical cooling rates of both 
the high purity iron-carbon alloys and plain carbon steel decreased 


°T. G. Digges and Louis Jordan, ‘‘Hardening Characteristics of One Per Cent Carbon 
Tool Steels,” "TRANSACTIONS, American Society for Metals, Vol. 23, 1935, p. 839-860. 
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with increase in carbon content up to about eutectoid compositions, 
but with further increase in carbon the critical cooling rates also in- 
creased. That is, when both the iron-carbon alloy and plain carbon 
steel were of about eutectoid compositions, they had the minimum 
critical cooling rates, or were deeper hardening, than the hypoeutec- 
toid or hypereutectoid alloys and steels. ‘These results were influ- 





Critical Cooling Rate, 


0.20 0.40 060 * 080 1.00 120 
Per Cent Carbon 


Fig. 8—Relation of Critical Cooling Rate to Carbon Content of 
Iron-carbon Alloys and Plain Carbon Steels (French and Klopsch and 
Esser, Eilender and Spenle). 


enced, however, by variables other than the carbon content of the 
materials. The investigations were made without due regard for the 
influence of austenite grain size and, in addition, the quenching tem- 
peratures used by French and Klopsch were not sufficiently high to 
insure complete solution of all the carbon in the highest carbon steel. 


VII. SumMMARY 


High purity iron-carbon alloys were prepared from hot and cold- 
worked specimens of a heat of vacuum-fused electrolytic iron by car- 
burizing in a hydrogen-benzene mixture. The carburized specimens 
were heated and cooled in vacuo to bring about uniformity in distribu- 
tion of the carbon. Cooling during this homogenizing treatment was 
sufficiently rapid to form sorbite or fine pearlite in all the alloys. 
Microscopic examination of the cross sections of the bars of the 
different alloys showed the carbon to be uniformly distributed. 

The alloys studied contained 0.23, 0.40, 0.50, 0.62, 0.73, 0.80, 
0.85, 1.01, 1.14 and 1.21 per cent carbon, respectively. These values 
are believed to be accurate within the limits of plus or minus 0.01 per 
cent of carbon. 





1938 


of g 
coba 
valu 


were 
critic 


ata 
the « 
shov 
selec 
an a 


(A. 


carb 
pera 
in § 
alloy 
degt 
of n 
mate 


carb 
with 
alloy 
thar 
Hoy 
allo 
a co 


inflt 
is 0 
the 

bon 
higt 
bon 


ann 





June 


tions, 
sO in- 
arbon 
imum 
eutec- 
influ- 


of the 
or the 
y tem- 
igh to 
. steel, 


| cold- 
y car- 
‘imens 
stribu- 
it was 
alloys. 
»f the 


0.80, 
values 


01 per 





1938 IRON-CARBON ALLOYS 421 


Spectrochemical and chemical analyses, as well as determination 
of gas evolved during vacuum fusion, showed that sulphur, nickel, 
cobalt, and oxygen were the major impurities. The total maximum 
value of all of the impurities determined was about 0.031 per cent. 

Specimens with an initial structure of sorbite or fine pearlite 
were used for the determinations of the austenitic grain size and 
critical cooling rate. 

Austenitic grain size was determined for the highest carbon alloy 
at a temperature sufficiently high to insure complete solution of all of 
the carbon. Subsequently, determinations on the lower carbon alloys 
showed that variations in carbon did not affect the grain size at this 
selected temperature of 1700 degrees Fahr. Each of the alloys had 
an average grain size of 6 to 12 grains per square inch at 100 diameters 
(A.S.T.M. grain number 4) at 1700 degrees Fahr. 

The critical cooling rate was determined for each of the iron- 
carbon alloys quenched directly from 1700 degrees Fahr., the tem- 
perature establishing a constant austenitic grain size with all carbon 
in solution. The critical cooling rate for each of the iron-carbon 
alloys was taken as the average cooling rate between 1110 and 930 
degrees Fahr. which produced in the quenched specimen a structure 
of martensite with nodular troostite (fine pearlite) in amounts esti- 
mated to be between 1 and 3 per cent. 

With constant austenitic grain size and complete solution of the 
carbon in the austenite, the critical cooling rate decreased continuously 
with increase in the carbon content of the alloys. The hypereutectoid 
alloys thus had slower critical cooling rates (greater hardenability), 
than either the alloys of eutectoid or hypoeutectoid composition. 
However, a small change in the carbon content of the lower carbon 
alloys had a more marked effect on the critical cooling rate than did 
a corresponding change in the higher carbon alloys. 

The carbon content of the austenite, therefore, had a pronounced 
influence on the hardenability of the alloys. Full depth of hardening 
is obtained in these alloys only when all the carbon is in solution in 
the austenite. 

Under similar conditions with respect to austenitic grain size, car- 
bon content, and complete solution of the carbon in the austenite, the 
high purity iron-carbon alloy hardened less deeply than do plain car- 
bon steels. 

Abnormal structures were produced in the hypereutectoid alloys 
annealed in vacuo at 1700 degrees Fahr. 
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DISCUSSION 


Written Discussion: By John L. Burns, Republic Steel Co., Chicago, 

This paper is one of the first published efforts at quantitative determina- 
tion of the effect of the separate elements on the hardenability of steel. If 
this work could be continued after the adoption of some such standard test 
as suggested in the paper presented by Messrs. Burns, Moore and Archer; 
greater strides could be made in the separation of the effect of each element 
on hardenability. 

Separate quantitative factors could be determined for each element or 
combination of elements and prediction might be made of the hardenability 
of any given analysis. 

Practically, such data would decrease necessary testing greatly and afford 
a much better approach to the selection and classification of steels. It is in- 
teresting to note that Mr. Digges’ statement, “. . . . the high purity iron-carbon 
alloy hardened less deeply than do plain carbon steels,” is in complete agree- 
ment with the formula suggested in the above mentioned paper entitled 
“Quantitative Hardenability.” 

The author is to be congratulated on his paper and it is hoped that he 
may continue along the line suggested above. 

Written Discussion: By R. Schempp, metallurgist, Halcomb Steel 
Division, Crucible Steel Company of America, Syracuse, N. Y. 

Mr. Digges has presented some very needed and vital information con- 
cerning the hardening characteristics of pure iron-carbon alloys. According 
to Figs. 6 and 7, the critical cooling curve becomes depressed and the maxi- 
mum hardening power of pure iron-carbon alloys iftcreases with carbon con- 
tent. With increasing carbon content up to the limit of solubility in aus- 
tenite—some 1.7 per cent—does the hardening power increase progressively or 
gradually slope upwards? 

To explain the marked variation in hardening power in Figs. 7 and 8, 
the author attributed the difference in the latter diagram, by the other investi- 
gators (Esser, Eilender and Spenle, French and Klopsch), to the grain size 
and incomplete solubility of carbon in gamma iron resulting from too low a 
quenching temperature. The writer believes that carbide solubility is the con- 
trolling factor and not the grain size, as Houdremont showed the same trend 
in high speed steel as the degree of hardening was influenced by the amount 
of carbon and vanadium in solution, which in turn was determined by the 
quenching temperature. 

Finally, although Fig. 7 applies to small specimens of pure iron-carbon 
alloys, Fig. 8 is more representative of the actual hardening characteristics 
of normal steels than the former and, although a greater hardening power 
may be attained from a 1700 degrees Fahr. (925 degrees Cent.) quench in 
the higher carbon steels (hypereutectoid), the physical characteristics of this 
material will be inferior to those attained from a lower quenching tempera- 
ture immediately above the thermal critical range, as have been proven in 
practice. 

Another factor worthy of consideration is the influence of quenching tem- 


1J. L. Burns, T. L. Moore and R. S. Archer, ‘Quantitative Hardenability,” Transac 
tions, American Society for Metals, Vol. 26, 1938, p. 1 
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perature upon the critical cooling curve. Throughout this study, a quench- 
ing temperature of 1700 degrees Fahr. was used to harden pure iron-carbon 
alloys, ranging from 0.23 to 1.21 per cent carbon, since it produces a constant 
austenitic grain size. This hardening temperature eliminated the effect of 
variation in austenitic grain size but introduced another factor equally or 
more important—T™"*, or the effect of maximum quenching temperature. As 
is well known, the higher becomes T™**, the lower is the critical cooling 
curve depressed and this fact may be of some consequence in this study. 

From the low carbon-iron pure alloy (0.23 per cent carbon) to the steel 
of approximately eutectoid composition (0.85 per cent carbon), the quench- 
ing temperature increases progressively from 120 to 367 degrees Fahr. above 
the critical; whereas, in the 1.21 per cent carbon pure iron alloy, the quench- 
ing temperature is at the critical (Acm), as is indicated in the iron-carbon 
equilibrium diagram published in the 1937 October issue of Metal Progress. 
This variation in quenching temperature may or may not have some bearing 
upon the characteristics of the critical cooling curve and the writer wonders 
whether it would not be more advantageous to quench from a definite tem- 
perature interval above the thermal critical range than from a constant hard- 
ening temperature of 1700 degrees Fahr. To establish grain size, the ma- 
terial can be heated to 1700 degrees Fahr., cooled to about 100 degrees Fahr. 
above the critical and quenched. This method not only will establish a con- 
stant austenitic grain size but eliminate the influence of T™** in the higher 
carbon steels. 

Written Discussion: By R. F. Mehl, director, Metals Research Lab- 
oratory, and head, Department of Metallurgy, Carnegie Institute of 
Technology, Pittsburgh. 

It is particularly pleasant to have this excellent paper by Mr. Digges, 
for it clarifies and fortunately simplifies our knowledge of the effect of carbon 
on the critical cooling rate of austenite. Anyone who has attempted to under- 
stand the results of Esser on this point, and especially anyone who has at- 
tempted to explain these results to students, must welcome the present work. 
It never seemed clear that the eutectoid point should exercise any primary 
effect on the critical cooling rate, nor that any such effect should be depend- 
ent on the temperature of quench, as Esser’s diagram requires. Doubtless 
the disregard for grain size has been the source of confusion. 

At first sight, it is surprising that these high purity alloys should not 
harden as deeply as commercial simple carbon steels, for their freedom from 
inclusions to nucleate the pearlite reaction would lead to the contrary pre- 
diction. But it must always be remembered that commercial steels contain 
very appreciable amounts of metallic alloying elements, particularly manga- 
nese, and that such alloying elements can exercise a very marked retardation 
in the rate of pearlite formation, and that accordingly commercial “plain 
carbon” steels will harden more deeply. 


Oral Discussion 
CyrmL Wetts:* With respect to the preparation of high purity alloys, I 
would like to mention some observations that we have made in the Metals 





*Carnegie Institute of Technology. 
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Research Laboratory in Pittsburgh. In preparing our alloys in the prelimi- 
nary work, we, like Mr. Digges, used a tube containing silicon as a heating 
tube. The gases used were hydrogen benzene mixtures, the benzene amount- 
ing to less than 0.2 per cent. 

After carburizing a specimen for several hours at 1100 degrees Cent. and 
subsequently cooling it, we found that graphite had been produced. There- 
upon we made an analysis for silicon and found the specimen contained more 
than 1 per cent silicon. Now in comparing this experience with that of Mr. 
Digges, one may conclude that one cannot use a silicon heating tube and the 
method of Mr. Digges in carburizing experiments at high temperatures (1100 
degrees Cent. or above) because of the danger of a pickup of silicon, but 
one may use such a tube and get satisfactory results at lower temperatures 
(925 degrees Cent. or below). 

With regard to abnormality, Dr. Mehl has already pointed out that we had 
practically no experience to show any abnormality in our alloys. There was 
occasionally a slight tendency towards abnormality, especially in the vicinity 
of the grain boundaries of the very high carbon alloys. This, I believe, is 
due to the effect of proeutectoid cementite on the degree of undercooling of 
the austenite in the immediate vicinity of the cementite masses as the alloy 
cooled between the Arem and Ar: temperatures. 


Author’s Closure 


The author is appreciative of the interesting discussion of this paper. Mr. 
Schempp is of the opinion that variations in the interval between the critical 
and quenching temperatures of the iron-carbon alloys may have influenced the 
values obtained for the critical cooling rates. If this factor affected the criti- 
cal cooling rates then it should be most marked in the alloy of eutectoid 
composition where the interval was a maximum. Determinations for the 
critical cooling rate were made on specimens of the alloys containing 0.80 
and 0.85 per cent carbon under conditions similar to those described in the 
report except that the specimens were cooled from 1700 to 1400 degrees Fahr. 
and held at the latter temperature for 5 minutes before quenching. The critical 
cooling rate for each alloy after this treatment was the same as that for the 
corresponding alloy quenched directly from 1700 degrees Fahr. 

The author would expect to find a progressive increase in the harden- 
ability or decrease in critical cooling rate of the iron-carbon alloys with in- 
crease in carbon up to the limit of solubility of carbon in austenite (1.70 per 
cent carbon), provided the grain size is constant, and all carbon is in solution 
and uniformly distributed at the time of quenching. Mr. Burns has called at- 
tention to the desirability of extending this work after the adoption of a sug- 
gested standard for the quantitative determination of hardenability. The pro- 
posed standard does not appear to be practical for use in the study of the 
hardenability of high purity alloys because of the difficulty of preparing the 
large size specimens that are required, namely, 1 inch diameter by 4 inches 
long. However, we intend to extend this study to include the influence on the 
reaction rates or hardenability of small additions of silicon, manganese and 
aluminum to high purity alloys. 
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A REVIEW OF SOME FUNDAMENTALS OF CARBURIZING 
By M. A. GrossMANN 


Abstract 


The fundamentals of carburizing here reviewed are 
the equilibria at the surface of the piece of steel, and the 
rate of subsequent diffusion of the carbon from the sur- 
face to the interior. 

Pack carburizing and gas carburizing are both con- 
sidered as gas carburizing processes, the gas in pack 
carburizing being a mixture of CO and CO,. The equilib- 
ria at various temperatures and with various gas mixtures 
are discussed on the basis of the best available data. A 
rationale of the effect of energizers becomes apparent. 

Depths of case are considered in relation to surface 
carbon contents and rates of diffusion within the steel. 

There is also brief reference to the behavior of other 
elements, namely oxygen, nitrogen and hydrogen, during 
carburization. 


ARBURIZING processes are generally classified under the head- 

ings (1) pack carburizing, with solid carburizers, and (2) gas 

carburizing. These terms designate the source of the carbon whereby 
the steel is carburized. 

The present discussion, however, has to do with the mechanisms 
of carburization in these two processes. It might be thought that 
in the case of pack carburizing, the steel would somehow be car- 
burized directly by its contact with the solid carbon, but simple 
consideration shows that this is probably not the case. The car- 
burizing compound is a fairly fine material, but even so it is not in 
complete contact with the steel (as for example a liquid would be). 
Therefore, if the carburization took place by direct contact with 
carbon, it would be expected that the carburized case would be very 
high in carbon at numerous spots where the steel and the pieces of 
carbon were in actual contact, whereas the intervening regions would 
be much lower in carbon. It is known from experience that this 
does not happen; the carburized case is actually quite uniform. This 
indicates that the carburization takes place by another mechanism, 





A paper presented as part of the Symposium on Carburizing presented at 
the Nineteenth Annual Convention of the American Society for Metals held in 
Atlantie City, October 18 to 22, 1937. The author, M. A. Grossmann, is director 
ot research, Carnegie-Illinois Steel Corp., Chicago. 
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and it is generally held that the solid carbon forms carbon monoxide 
(CO) gas, and that the CO gas is the agent that actually car- 
burizes the steel. This hypothesis is supported, for example, by the 
types of experiment performed by Enos (1)* who swept nitrogen 
gas through a carburizing compound while the compound (with its 
steel) was at temperature, and so prevented the carburization which 
would otherwise have taken place. It seems clear from many experi- 
ments that pack carburizing takes place through the formation of 
carbon monoxide (CO) gas which in turn reacts with the steel, 
although this does not exclude the possibility that carbon might car- 
burize iron under proper conditions of intimate contact. 

Both pack carburizing and gas carburizing will therefore be 
considered here from the standpoint of the action of gases. In pack 
carburizing the gas is CO, and in gas carburizing the agent may be 
any of a number of hydrocarbons (with which CO may also be 
present). 


Pack CARBURIZING 


The process of pack carburizing consists in placing a piece of 
low carbon steel in a carburizing mixture or “compound,” within a 
suitable carburizing box, and then heating the box and its contents 
for a suitable time at a selected temperature, one common practice 
being about 8 hours at about 1700 degrees Fahr. (925 degrees Cent.). 
At the end of this time the carburizing process is complete. The 
carburizing mixture or compound consists of carbon in some form, 
mixed with an “energizer.” A common form of the carbon is char- 
coal. The energizer is an inorganic chemical compound, usually a 
carbonate, or an oxide, or a cyanide. Under these circumstances a 
number of questions may come to mind: 


What happens in the 8 hours of carburizing? 

What is the carbon distribution in the steel after carburizing, 
and how does it come to be so? 

Why choose a temperature in the neighborhood of 1700 degrees 
Fahr. (925 degrees Cent.) ? 

What happens if charcoal (or other carbon) is used alone with- 
out energizer ? 

What is the effect of the energizers and the mechanism whereby 
they act? 

Does the steel change in any respect other than in its carbon 
content? 


*The figures appearing in parentheses pertain to the bibliography appended to this 
paper. 
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The approach to these questions is simplified if the carburizing 
process is considered not as a single process but as a combination of 
two steps. The two steps are (a) carbon enrichment at the surface, 
and (b) diffusion from the surface into the interior. That is, (a) 
the steel at its surface reacts with the surrounding carburizing me- 
dium to form a surface material high in carbon, and (b) the carbon 
then diffuses from this surface layer into the steel. 

The sole function of the carburizing medium is to provide a 
surface material high in carbon. During this carburization of the 
surface, other chemical elements may enter the steel, particularly 
oxygen, and this will be discussed subsequently, but it is simpler for 
the moment to consider only the formation of the high carbon ma- 
terial at the surface. 

Since carburization in pack carburizing is considered to take 
place by a reaction involving CO, it is appropriate to consider what 
material tends to form under these circumstances at the surface of 
the steel—-what would be there if there were no diffusion of carbon 
away from the surface, in other words to examine the equilibria 
between steel and CO. 

The steel during carburization is in its high temperature form, 
austenite, and the gas which is in contact with it is largely CO with 
a small proportion of CO,. These gases are presumed to come from 
the reaction between the carbon of the solid carburizer and the oxy- 
gen of any air that may have been in the carburizing box, according 
to the presumed simple reaction 2C + O, = 2CO, this CO being 
in turn presumed to react with the iron (or steel) according to the 
reaction 3Fe + 2CO = Fe,C + CO,. The Fe,C forms as such at 
the surface of the steel or is in solution in the austenite. It is thus 
considered that the reactions within the carburizing box are a result 
of the presence there of Fe, CO and CO,. What, then, are the 
equilibrium conditions (toward which such a system tends) when 
iron is treated with various proportions of CO and CO, at different 
temperatures. Of all the great amount of work which has been done 
on this equilibrium, it will perhaps suffice to cite two diagrams, one 
by Takahashi and one by Bramley and Lord. A carefully prepared 
diagram by Takahashi (2), cited by Ralston (3), is shown in Fig. 1. 
This diagram indicates the various carbon contents of austenite 
(shown as ordinates), which are in equilibrium with various CO-CO, 
mixtures (shown as abscissae), at the several temperatures indicated 
(curved lines). As an illustration, we may find what happens if 
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iron is heated long enough to establish equilibrium at 900 degrees 
Cent. (1650 degrees Fahr.) in an atmosphere of 95 per cent CO 
(balance CO,). The 900 degrees Cent. curve is found to cross the 
vertical line, representing 95 per cent CO, at the point where a 
horizontal indicates 0.75 per cent carbon. This means that if a 
small piece of iron were treated in an atmosphere of that composi- 
tion, its surface would quickly assume the composition 0.75 per cent 


FezC+Fe 


A. 
CES 


1 e— i! & 


PerCent Carbon in Austenite 





64 68 72 76 80 64 &8 92 96 100 
Per Cent Carbon-Monoxide 
Fig. 1—Isotherms in Austenite Stability Field (Takahashi). 


carbon, and if the treatment were continued indefinitely the whole 
piece would be converted to one of that composition. 

The effect of higher percentages of CO, at this same tempera- 
ture, is found by continuing the 900 degrees Cent. curve upward and 
to the right, and it is found that the curve would soon pass the 
boundary designated as “Curve 1” and would enter the field marked 
Fe,C. This means that at 900 degrees Cent. and at such higher 
percentages of CO, the surface of the piece would be carburized to 
iron carbide. 

The general form of these curves was also worked out by Bram- 
ley and Lord (4) in a very carefully executed experimental program. 
In order to afford a direct comparison with Fig. 1, Fig. 2 has been 
prepared from their data, using the same co-ordinates as in Fig. |. 
It will be seen that the general form of the temperature curves is 
the same in the two diagrams. Even though the values found in the 
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two diagrams are not exactly alike, there can be little question that 
the trends shown are correct, the values probably varying somewhat 
as the base metal is changed. 

Unexpectedly enough perhaps, the diagrams show that lower 
temperatures result in a higher carbon content for the same gas 
mixture. This is seen if one examines the Takahashi diagram at 
for example 90 per cent CO (balance CO,). This gas mixture at 


Per Cent Carbon-Dioxide 


Per Cent Carbon 





76 8&0 aa 88 92 9E 100 
Per Cent Carbon-Monoxide 
Fig. 2—Isotherms Showing Equilibria Between Various 


CO-COz Mixtures and Iron with Various Carbon Contents at a 
Series of Temperatures. (After Bramley and Lord). 


900, 850 and 800 degrees Cent. (1650, 1560 and 1470 degrees Fahr.) 
will carburize iron to carbon contents of 0.28, 0.53 and 0.88 per cent 
respectively, according to this diagram—in other words, the lower 
the temperature the higher the equilibrium carbon content. Such a 
state of affairs is also illustrated in Fig. 3, taken from an article by 
McQuaid (5). The points at the extreme left of the curves show 
the surface carbon contents, after carburizing at a series of tem- 
peratures. It is observed that the 1500 degrees Fahr. curve indi- 
cates 3.10 per cent carbon near the surface, the 1600 degrees Fahr. 
curve 1.80 per cent and the balance of the curves about 1.20 per cent 
Of course, in all such tests as those depicted in Fig. 3, it must be 
taken into consideration that the gas proportions in a carburizing 
box may change with temperature, and also that higher temperatures 
promote more rapid diffusion away from the surface, so that it is 
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not possible by such a test to form an infallible judgment as to the 
equilibrium at the surface. However, it would seem that these 
curves illustrate the point being discussed. 

It is to be remembered of course that this higher carbon content 
at lower temperatures refers only to the equilibrium at the surface, 
It must not be assumed that this is accompanied by greater depth of 
case at lower temperatures, for indeed quite the contrary is true. 


IS 5.70%C 
1.80 B Curve Carburizing Case 
No. Ternp. Depth 
I. 1500 °F. 0.090 in. 
sd 1600 0.100 
1700 0.115 
jan 1800 0.130 


Per Cent Carbon 
8 


Arrows Show _| 
Case Depth 
on Fracture 





oO 0.04 0.08 Ol2 0.1/6 Q20 
Case Depth, Inches 
Fig. 3—Case Depth-Carbon Content Curve. Shows the Effect 
of Carburizing Temperature on Carbon Concentration. Test Piece 


Packed in Compound and Carburized at Temperature Given. 
(McQuaid). 


This is due to the fact that at lower temperatures the rates of dif- 
fusion are lower, thus leading to lesser depths of case, even in spite 
of the higher carbon contents at the surface. This is illustrated in 
Fig. 3. (When a higher carbon content is provided at the same 
temperature, say by a change in energizers, then, and then only, does 
the higher carbon content lead directly to a greater depth of case.) 

As to the precise compositions of the gases present in a car- 
burizing box, the data are very scanty if not lacking entirely. Some 
judgments may, however, be arrived at by examining the data of 
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Enos (1). Consider first the equilibrium in the presence of char- 
coal alone. Enos’ Fig. 2a represents the surface of a piece of steel 
carburized in charcoal alone (without energizer or other admixture), 
for 6 hours at 1680 degrees Fahr., and shows a somewhat less-than- 
eutectoid structure. Accepting his estimate of 0.65 per cent carbon 
for the surface carbon content, this would indicate on the basis of 
Takahashi’s diagram (other things being equal) that the steel at 
this temperature, about 915 degrees Cent., was in equilibrium with 
a CO-CO, mixture containing about 95 per cent CO. 

When energizers are present, however, it is well known that 
the surface material very rapidly reaches hypereutectoid composi- 
tion, very often in the neighborhood of 1.20 per cent carbon at such 
a temperature (915 degrees Cent.). This is illustrated in Fig. 3, 
taken from McQuaid (see the McQuaid curve for 1700 degrees 
Fahr.). It was also true in Enos’ experiments and indeed it is 
common experience. If we consult Takahashi’s diagram for a tem- 
perature of 915 degrees Cent. and a carbon content of approximately 
1.20 per cent, we find that this would correspond to a CO content 
of between 96 and 97 per cent. We thus come to the conclusion that 
the effect of the presence of an energizer at this temperature may be 
a raising of the effective CO content by about 1 or 2 per cent, namely 
from 95 to 96 or 97 per cent. This may seem to be a very small 
effect, but it will be observed that the equilibrium is very sénsitive 
to a small change in CO content at these temperatures and in this 
range of CO contents. 

The mechanism whereby energizers have their effect is not 
known. Many energizers are carbonates, a particularly common one 
being barium carbonate. It has been thought that the CO, of these 
carbonates might enter into the reaction. This is one possibility but 
it should be borne in mind that barium oxide is also a fair ener- 
gizer (see Ref. Enos), as are also a few other oxides. 

It is perhaps sufficient for this discussion to state that the role 
of the energizer is the same as though it acted to increase slightly the 
effective CO content in the carburizing box. 

The discussion up to this point has considered only what hap- 
pens at the surface of the piece being carburized. Assume the case, 
which is commonly found in practice, that the surface is an austenite 
containing about 1.20 per cent carbon. Since the interior of the 
piece is low in carbon, diffusion will take place and the carbon will 
migrate from the surface toward the interior. As a result, the 
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carbon distribution will be somewhat as shown in Fig. 3, or, if 
various time intervals are considered, the carbon distribution wil] 
be somewhat as in Fig. 4. The “depth of case” after carburizing 
is therefore dependent.on the temperature, as illustrated in Fig. 3, 
and is also dependent on the time, as illustrated (6) in Fig. 4. 

The carburizing compound also influences the depth of case, 
through its influence on the surface carbon content. Thus, char- 


Depth, inches 
Oo O05 O10 O15 220 0.25 Q30 





Oo 7 2 JZ 4 5 & ? 8 
Depth , Millimeters 


Fig. 4—Depth of Carbon Penetration in Gas Carburizing. 
(Bramley and Lawton). 


A B i D E 

Average temperature of cementation. {eG ge . tts eS eRe 
Period of cementation. Hrs. .......sse0- 5 19 20 40 

Rate of flow of gas. Litres per hr. ...... 7.64 7.17 7.03 7.16 7.08 
Average temperature of saturator. °C ... 18.0 18.0 18.0 18.0 18.0 
Weight of bar before cementation. Grm. .. 1428.60 1434.80 1273.45 1278.90 1274.15 
Weight of bar after cementation. Grm. ... 1430.30 1436.80 1276.20 1282.75 1279.20 
Increase in Weight. Grm. ........+-ee0% 1.70 2.00 2.75 3.85 5.05 


coal alone gives a carbon content at the outside of the piece which 
may be only 0.65 per cent, and this would give less “case” than 
charcoal used with an energizer, which would give a surface carbon 
content of say 1.20 per cent. However, it should be emphasized 
(as pointed out above) that this applies only to definite time and 
temperature, in which case the diffusion factor is constant. By con- 
trast, we have the conditions of Fig. 3, where the highest carbon 
content at the surface gives the smallest depth of case, because here 
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the conditions causing a high surface carbon are at the same time 
the conditions which cause a low diffusion rate (both being incident 
to the low temperature). 

The relationship of depth of case to time of carburizing may, as 
mentioned, be judged from Fig. 4, taken from Bramley and Law- 
ton (6). It will be observed that in order to double the depth of 
case at a particular temperature, the time must be approximately 
quadrupled. 


d 


Per Cent Nature! Gas Mixture 
N 





800 1000 1200 1/400 


Temperature, C. 


Fig. 5—Equilibria for Methane-Hydro- 
Se [Data of Sykes (11) Cited by 
alston (3)]: a, 0.95 Per Cent Carbon 
Steel; 5, 0.59 Per Cent Carbon Steel; c, 0.18 
Per Cent Carbon Steel; d, Anticipated Ex- 
trapolation of Carbon; e, 0.18 Per Cent Car- 
bon Steel, Gas with 0.6 Per Cent H;O; f, 
0.18 Per Cent Carbon Steel, Gas with 3.3 
Per Cent H,O. 


It is also pertinent to inquire why a temperature in the neigh- 
borhood of 1700 degrees Fahr. (say 1650 to 1750 degrees Fahr.) is 
employed almost universally for carburizing. This probably has less 
to do with the mechanism of carburization itself than with other 
factors. Indeed, Figs. 1, 2, 3 and 5 show that the behaviors in the 
neighborhood of 1700 degrees Fahr. are merely part of a continuous 
series, although it will be noted that the carbon content at the sur- 
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face becomes less as the temperature is raised (other things being 
equal). It seems probable that the temperature 1700 degrees Fahr. 
has become established because it is a compromise in factors affecting 
speed of carburization, grain growth, change of shape of parts being 
carburized and depreciation of carburizing boxes and furnace parts, 
For the sake of speed of carburization, to obtain the greatest depth 
of case in the shortest time, it would be desirable to use as high a 
temperature as possible. On the other hand, the factors against high 
temperature are the possibility that grain coarsening may take place 
in the steel if the temperature is too high, the danger of the piece 
changing shape at high temperature if it is of complicated shape, and 
finally the wear of furnace parts and the inconvenience incident to 
high temperatures. 

Apart from the above-described behavior of the carbon, there is 
also to be considered the possible behavior of other chemical ele- 
ments during carburization with CO, particularly the behavior of 
oxygen. In any pack carburizing operation, or carburization by 
means of CO, the carburized product will contain not only carbon 
but also oxygen. Although the amount of oxygen which enters the 
steel is very small compared to the amount of carbon absorbed, 
nevertheless the mechanism of oxygen absorption and the manner 
of diffusion may be considered to be quite analogous. As to the 
surface equilibrium, Schenck (7) terms the equilibrium product 
“oxy-austenite.” Although the percentages of oxygen mentioned 
by Schenck are probably too high, his postulation of an austenite 
containing oxygen seems quite tenable and entirely correct. Thus 
it has been shown (8), (9), (10) that when a piece of steel is car- 
burized, its oxygen content usually increases, although when its ini- 
tial oxygen content is very high, the carburizing leads to a lowering 
of the oxygen content. 

In considering the absorption of oxygen into a piece being car- 
burized, it must be remembered that oxygen absorbed into steel faces 
a mechanism which may be quite different from that in pure iron. 
In the case of pure iron, the oxygen need be considered only in its 
relation to metallic iron and to the carbon present. In the case of 
steel on the other hand, the presence of other elements, such as man- 
ganese, silicon and aluminum, is certain to affect the distribution 
and the rate of diffusion of the oxygen. These behaviors of oxygen 
with respect to the various elements in steel may have a marked 
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effect on the phenomena of grain size and grain growth of the steel 
during carburization and upon subsequent heat treatment. 

Other extraneous elements, in addition to oxygen, may also dif- 
fuse into steel during carburizing but their effects are not yet known. 
Thus when cyanides or ammonia compounds are present during car- 
burization, it is to be expected that the behavior of nitrogen would 
be analogous to that of oxygen and carbon. Further, in gas carburiz- 
ing, where some or all of the carburization is done by hydrocarbons, 
it is to be expected that the same considerations would apply to 
hydrogen, but data on this point are lacking. There is much yet to 
be learned about the effects of oxygen, nitrogen and hydrogen during 
carburization. 


Gas CARBURIZING 


The gases employed in gas carburization cover a wide range of 
hydrocarbons and their mixtures with CO. The behavior of CO 
has already been discussed. The behavior of hydrocarbons may be 
represented by the case of methane, CH,, which has been investi- 
gated by Sykes (11). 

In determining equilibria, Sykes used the null method on vari- 
ous steels, determining by trial the mixtures of CH, and H, that 
were neutral to different steels at different temperatures (that is, 
neither carburizing nor decarburizing). Fig. 5 summarizes his re- 
sults. The diagram shows that methane is a very powerful car- 
burizing agent, requiring only a few per cent (balance hydrogen) in 
order to effect carburization. The maximum amount of CH, (ac- 
tually natural gas) required for the highest carbon steel at the low- 
est temperature, was only 6 per cent. Such equilibrium data are 
very scarce in the literature, there being practically no equilibrium 
figures on the many kinds of hydrocarbons, much less on their vari- 
ous mixtures with CO or the various commercial carburizing gases 
which are available and are being used. Fig. 5 is, however, very 
valuable for indicating the general trend. It is interesting to note, 
in comparing Fig. 5 with Figs. 1 and 2, that in carburizing with a 
CO-CO, mixture, as much as 95 to 96 per cent CO is needed for 
equilibrium with a 1 per cent carbon austenite, whereas in a CH,-H, 
mixture, only 3 to 5 per cent CH, is required for equilibrium with 
a similar 1 per cent carbon austenite at a similar temperature. 
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DISCUSSION 


Written Discussion: By John F. Wyzalek, chief metallurgist, Hyatt 
Bearings Division, General Motors Corporation, Harrison, N. J. 

The author presents a review of compound and gas carburizing funda- 
mentals in a very simple manner, offering to the average individual an oppor- 
tunity to better understand the basic principles of a very important metallur- 
gical commercial process. It boils down to a few statements, a wealth of theo- 
retical data, in a manner possible only by one so well versed in the subject 
of metallurgy as the author, who has frequently in the past demonstrated his 
ability and versatility. The paper offers a means for the average industrial 
user of the carburizing process to better understand the theories back of prac- 
tical carburizing. It presents to the average layman a means of understanding 
a theoretical subject which, in the past, frequently has been presented in a form 
too advanced for most of us to comprehend. 

Written Discussion: By J. A. Comstock, metallurgist, Illinois Tool 
Works, Chicago. 

As usual, the author has dealt with his subject in such a straightforward, 
logical manner that some of the very important facts which he brings out may 
appear to be too obvious and more commonplace than they really are. It 
should be a pleasure for anyone who has to deal with the art and practice of 
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carburizing to get the author’s pen-picture of this important commercial opera- 
tion. 

I am sure any comments made here might better have been made by the 
author himself (if indeed he agrees with them) had he cared to lengthen his 
paper at the risk of confusing the issue for his many followers in all branches 
of the art of steel treating. Appreciating this situation, the writer trusts that 
his views gathered on reading this review may at least be interesting. 

The term “pack carburizing” has always been associated with the use of 
solid carburizing compound. However, carburizing with solid compound has 
been carried out for many years in revolving retorts which might be considered 
a special case of pack carburizing. In retort carburizing with solid compound 
the generation of a gas high in CO is readily studied, both by analysis of the 
gas and inspection of the flame as the gas vents from the retort. It is obvious 
here that the generated gas is the carburizing medium, the results being mark- 
edly affected by the amount of moisture contained in the hygroscopic com- 
pound, most of which is allowed to escape as steam at the beginning of the 
cycle, and also by the amount and continuity of gas generated as evidenced 
by the pressure in the retort and length of flame at the vent. 

The author points out that the carbon content of the extreme surface of 
iron being carburized is in equilibrium with CO and CO, at a given tempera- 
ture. The carbon content in the extreme surface is shown to vary directly 
with the CO and indirectly with the temperature. 

In this connection the writer would like to emphasize the fact that this 
generalization applies to a range of temperature from 750 to 1000 degrees 
Cent. (1380 to 1830 degrees Fahr.) which is a great deal more comprehensive 
than the range of commercial carburizing temperature. Actually this range of 
temperature from a practical point of view is comprehensive enough for harden- 
ing or solution treatment of a great variety of steels. The commercial range of 
carburizing temperature being from 900 to 940 degrees Cent. (1650 to 1725 de- 
grees Fahr.), it is apparent that the above generalization is perhaps least defin- 
itive in its bearing upon carburizing results in practice. The writer wishes to 
make it clear, however, that’ in his opinion the generalization is none the less 
important because of this, especially from an academic and research point of 
view. 

Inspection of the isotherms by Takahashi in Fig. 1 shows either the maxi- 
mum or minimum carbon content in solid solution at the carburizing tempera- 
ture is obtainable only at the maximum temperature, depending on the CO con- 
tent of the gas. This is equivalent to saying that maximum carburization or 
decarburization is obtainable at maximum temperature, depending on the CO 
content of the gas atmosphere—a common experience in heat treating in con- 
trolled atmospheres. Actually, commercial carburizing compounds are so com- 
pounded as to generate a gas with high enough CO content to give maximum 
carbon concentration at commercial operating temperatures. 

In this connection the equilibrium curves also check with the known fact 
that with a given commercial compound it is not possible to control the carbon 
concentration in the case below an eutectoid composition by merely dropping the 
temperature unless the work is removed from the carburizing zone before equi- 
librium has been reached. 
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Also, if the time of carburizing is sufficiently long to allow the surface of the 
work to come to equilibrium with the carburizing gas, and it ordinarily is in 
practice, and if the temperature is 1650 degrees Fahr. or higher (above the GS 
line on the iron-carbon diagram for a low carbon steel) then the higher the 
temperature in the commercial range the higher the carbon content in solid solu- 
tion at the surface using a proprietary carburizing compound with an effective 
CO of 97 per cent (curve 1, Fig. 1). In the carburization of very low carbon 
steel 1650 degrees Fahr. is a critical temperature since ferrite is a barrier to the 
diffusion of the high carbon case whereas above 1650 degrees Fahr. ferrite dis- 
appears into austenite and the high carbon case can diffuse freely: This checks 
with Fig. 3 by McQuaid. For temperatures of 1500 and 1600 degrees Fahr. he 
shows extremely high carbon concentration with the carbon varying inversely 
with the temperature while for temperatures of 1700, 1800 and 1900 degrees 
Fahr. he shows carbon contents around 1.15 per cent. 

Since the maximum carbon concentration in solid solution is obtained with 
the maximum temperature, and also since the maximum depth of case is obtained 
with the maximum temperature, it is obvious that the role of temperature incre- 
ment is always to speed up total carburization. Furthermore, when the diffusion 
stage of carburization is slowed up by the presence of ferrite due to carburizing 
temperatures below the GS line, then the carbon will build up at the surface 
faster than it diffuses. From a practical standpoint if it is necessary to obtain 
the maximum depth of case at a minimum temperature such as 1600 degrees 
Fahr. it would appear from the above that a steel must be selected that has the 
GS temperature lower than 1600 degrees Fahr., such as S.A.E. 1025 or 1030. 

The factors which the author points out as limiting the temperature of car- 
burization, where rapid penetration is desired, are grain growth, distortion, life 
of furnace parts, and inconvenience incident to high temperature operations. 

These are indeed the things which have had to be overcome in some degree 
or other to improve the efficiency of modern-day carburizing practice. Fine 
grain steel has played an important role in increasing the temperatures of 
carburizing and the elimination of reheating operations. Modern carburizing 
equipment has reduced distortion in the work by more uniform heating and 
accurate zonal control. The heat resisting alloy manufacturers have made 
great strides in foundry practice and design and have developed more resistant 
alloy compositions. Refractory manufacturers have introduced more efficient 
material and opened up new avenues for furnace designs. The better under- 
standing of gas equilibria has developed a big field for gas carburizing and 
made it possible to not only control the depth of case but also the carbon con- 
centration for a given depth of case. More efficient mechanical operation and 
especially continuous carburizing has been the natural outgrowth of the elimi- 
nation of solid carburizing compound. 

Written Discussion: By George M. Enos, associate professor of metal- 
lurgy, University of Cincinnati, Cincinnati. 

In a relatively short paper, Dr. Grossmann has presented an admirable 
review of some fundamental considerations in connection with carburizing. 
This subject could, of course, be expanded considerably in several ways, and 
one purpose of a discussion is to indicate other lines of thought than those 
selected by the author. 
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of the Dr. Grossmann asks several questions, and then proceeds to answer them. 
is in In connection with the effect of the energizers we might also ask specifically, 
1e GS “What happens to the energizer itself during the cycle of heating, carburizing, 
er the and cooling in a pack carburizing process?” Consider BaCO; as the typical 
| solu- energizer. The idea is quite prevalent that on heating, the BaCO; dissociates 
fective into BaO + COs The CO: is then available to react with C to produce CO, 
carbon the active carburizing gas. One function of the barium carbonate would be to 
to the serve as a source of oxygen in the container. On cooling, it has often been 
te dis- postulated that the BaO is “regenerated,” that is, again becomes BaCO; by 
checks union with CO, in the box, or, in some cases, by union with CO: from the 
hr. he air. As equations 

versely BaCO; + heat — BaO + CO, (at carburizing temperature) 

legrees CO: + C — 2CO (at carburizing temperature) 

CO: + BaO > BaCO; regeneration on cooling. 

d with Since it has been shown that BaO will act as an energizer, it is not nec- 
tained essary to use BaCO; as the original form of the energizer, though it may be a 
eT matter of commercial convenience to do so. Potter (Thesis, University of Cin- 
ffusion cinnati, 1930) was not able to bring about complete regeneration of the com- 
we pound although numerous variations in procedure were tried. 

surface A few minutes search of the literature in connection with barium com- 
obtain pounds will reveal the following interesting information: 

legrees The dissociation pressure of BaCO; only reaches one atmosphere at a 
aas the temperature of 1350 degrees Cent.- BaO.BaCO; is formed at 1350 degrees 
1030. Cent. This compound BaO.BaCO; melts at 950 degrees Cent., and is capable 
of = of dissolving BaO and BaCO:;, however, a higher temperature is necessary to 
on, life dissolve BaCO;. The decomposition temperature of this basic carbonate is 
pe. 1454 degrees Cent. The melting point of BaCO; in contact with COs/is 1740 
degree degrees Cent. 

Fine Anhydrous BaO + CO, — BaCO; at 550 degrees Cent. 

ires of Barium carbonate is more difficult to decompose than CaCO:. 

urizing At white heat BaCO; —> BaO + COs, but at a lower temperature BaCO; 
ng and + C = BaO + 2CO. 

: made The foregoing review suggests that at the carburizing temperatures BaCO; 
esistant by itself would not decompose appreciably to form BaO and COs, but in the 
efficient presence of C that CO is formed. Thus, Dr. Grossmann’s statement that “the 
under- role of the energizer is the same as though it acted to increase slightly the 
ng and effective CO content in the carburizing box” seems a logical supposition. 
on con- The ‘foregoing does not rule out the possibility that BaO, or possibly, 
ion and BaO.BaCOs, may not form other compounds. For example, the usual method 
> elimi of preparing BaC: is to heat BaO with C at the temperature of the electric 

arc (Moissan electric furnace) but the possibility exists that BaC: could be 
| metal- formed at carburizing temperatures, and function as an “intermediate com- 
pound” in catalysis. 

mirable Oral Di id 
urizing. 
ys, and _ 0. W. McMuttan:* A casual reading of the author’s closing statement 
n those might lead to an unintentional meaning. The fact that 95 or 96 per cent CO 





*Metallurgist, Youngstown Sheet and Tube Co., Indiana Harbor. 
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against only 3 to 5 per cent CH is required for equilibrium with 1 per cent 
carbon austenite at carburizing temperatures does not express the relative po- 
tency of those gases in carburizing, or availability in processes used as equilibrium 
conditions tend to produce about those amounts in solid compounds and in gas 
carburizing with methane, respectively, even when steel is absent. Would Dr. 
Grossmann care to explain whether or not the efficacy of a carburizing medium 
depends upon the amount these equilibrium percentages tend to be changed in 
the presence of iron at a given temperature? The paper by Webber shows that 
there is a difference in equilibrium conditions when iron is present. 


Author’s Closure 


We wish to extend thanks to Mr. Wyzalek, whose experience in this field 
is well known. 

Mr. Comstock has raised several interesting points. He mentions that 
higher temperatures in the carburizing box bring about higher carbon contents, 
This would accord with the higher percentage of CO in a carburizing box as 
the temperature is raised. On the other hand, he also mentions the high carbon 
content shown by McQuaid at lower temperatures. Since McQuaid’s data indi- 
cate that true equilibrium would probably involve iron carbide at the lower tem- 
perature, it must be concluded that this is a temperature effect. This means 
that the higher carbon content would in one case be due to more CO and in 
the other to lower temperature. It would be interesting to obtain additional 
data on the percentages of the different gases actually present in a carburizing 
box at different temperatures. 

Mr. McMullan raises the interesting point as to the potency of the differ- 
ent carburizers. It would seem that this must be considered also in relation to 
the flow of gases around the piece. The flow of the gases would, of course, 
not affect the equilibrium values but it would affect materially the rate at which 
equilibrium is approached. 

Professor Enos presents a stimulating discussion of the effect of energizers, 
particularly the possible behavior of BaO and BaCOs. 

Professor Mahin, too, considers the behavior of energizers in a discussion 
applying both to this paper and to the next paper by McQuaid.* His exposition 
of the behavior of CaO and BaO is very lucid and his data are convincing. As 
to the carburizing reaction, it should indeed be recognized that under some cir- 
cumstances the phases present are CO, COs and a solid solution of carbon and 
oxygen in gamma iron; under other circumstances (low temperature) the phases 
are CO, CO: and Fe:C. Special appreciation should be recorded for Professor 
Mahin’s discussion. 


*See discussion by E. G. Mahin beginning on page 453 of this book. 
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A THEORETICAL DISCUSSION OF THE ACTION OF 
SOLID CARBURIZING AGENTS 


By H. W. McQuarp 
Abstract 


This discussion covers the part played by the charcoal 
and carbonate energizer in supplying a gaseous carburiz- 
ing medium. It is suggested that the function of the 
carbonate energizer is to supply the carbon dioxide when 
needed, and that of the charcoal to convert it to carbon 
monoxide and also to prevent the accumulation of carbon 
dioxide on the surface of the steel. It is suggested that 
charcoal removes the carbon dioxide not only by direct 
reaction but also by preferential adsorption. 


N this discussion it will be assumed that the commercial carburiz- 

ing compound of today consists primarily of a charcoal base 
together with a carbonate energizer which is added by some means or 
other. In actual practice the energizer usually is approximately at 
least 10 per cent of the mixture as used, and some diluent such as 
coke is added to improve heat conductivity and reduce cost. From 
a theoretical viewpoint neither the coke nor the binder in the com- 
mercial compound is of interest in a discussion of the mechanism of 
supplying carbon to the steel. 

If the gases which result from heating a charcoal-carbonate 
energized mixture in contact with steel at 1700 degrees Fahr. are col- 
lected and analyzed, it will be found that beyond a small percentage 
of nitrogen and carbon dioxide that the products consist only of 
carbon monoxide. 

The initial evolution of gases on heating is largely carbon dioxide 
depending upon the temperature and the type of carbonate energizer. 
The sodium carbonate energizer will break down to form carbon 
dioxide at a lower temperature than will the barium carbonate 
energizer. 

At higher temperatures the gases evolved from a compound will 





A paper presented as part of the Symposium on Carburizing presented at 
the Nineteenth Annual Convention of the American Society for Metals held in 
Atlantic City, October 18 to 22, 1937. The author, Harry W. McQuaid, is metal- 
lurgist with the Republic Steel Corporation, Cleveland. 
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be almost entirely carbon monoxide with traces of carbon dioxide, 
The first heating of the new compound will result in a sudden and 
almost complete evolution of all the carbon dioxide from the break- 
down of the carbonate. After this sudden large volume evolution of 
gas, the amount of gas produced is relatively small but uniform from 
hour to hour. At 1700 degrees Fahr., it is almost pure carbon 
monoxide. 

Thus we have as a carburizing agent in a charcoal-carbonate 
energized compound only carbon monoxide to consider. The char- 
coal, probably due to the formation of carbon monoxide from oc- 
cluded air, is of course a carburizing agent, even without any ener- 
gizer, but at 1700 degrees Fahr. it is relatively very weak. At higher 
temperatures, 1800 degrees Fahr. and above, it is relatively active 
and was formerly used for carburizing blister steel, armour plate, etc. 

It is generally believed that carbon monoxide (CO) is in itself 
a poor carburizing agent and that carburizing in pure carbon monox- 
ide could only result in relatively shallow and low carbon cases. That 
this is true, is indicated by the experimental work of Giolitti.* 

Giolitti showed that under the conditions of his experimental 
work, carbon monoxide was a relatively poor carburizing agent as 
compared to such hydrocarbon gases as ethylene. Other investiga- 
tors have confirmed this although Bramley** showed that by increas- 
ing the rate of flow sufficiently, that carbon monoxide increased in 
its effectiveness to the point where it was practically equal to an 
active hydrocarbon gas. This is an important contribution to our 
study since it indicates that the reason for the usual poor results in 
carburizing with carbon monoxide is lack of turbulence or circulation. 
It seems reasonable to assume that the importance of turbulence in 
this case lies in the necessity for removing the gases which result 
from /the decomposition of the carbon monoxide at the surface of 
the steel, which means, of course, removal of carbon dioxide. 

The problem before us at this time is that of explaining the 
relatively satisfactory performance of carbon monoxide in compound 
carburizing and its quite unsatisfactory performance when used as a 
pure gas for gas carburizing. Assuming that its function of supply- 
ing carbon to the heated steel is the same when used as a pure gas 
as when produced in a carburizing box, we must assume that its 





*F. Giolitti, ‘““Cementation of Iron and Steel,’”’ 1915. 
**Carnegie Scholarship Memoirs, British Iron and Steel Institute, 1926, 1927. 
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effectiveness when produced in the carburizing box must in some way 
be due to the charcoal and energizer. 

This is a reasonable assumption since in practice it is found that 
in a closed box the work in contact with the compound will carburize 
much more satisfactorily than when out of contact with the charcoal 
and exposed only to‘the carbon monoxide produced. 

Those of us who have conducted many investigations on this 
subject know that in the carburizing box the charcoal is necessary 
for satisfactory commercial cases. All that is necessary to demon- 
strate this is to allow work to project from the compound in a well 
sealed carburizing box and note the difference in the case between 
the work which is in contact with the charcoal and that which is 
above it. It is interesting to carburize a rod in a box which has a 
layer of energizer in the bottom covered by a layer of charcoal and 
with a space above the charcoal. By placing the rod vertically with 
one end in the energizer and the other in the space above the charcoal 
it will be found that the only heavy case will be where the work was 
in contact with the charcoal. In the space above, the case will be the 
relatively thin low carbon case of pure carbon monoxide. Where 
the work was in contact with the energizer, the case will be entirely 
absent. 

Keeping these facts in mind, it is about time we wrote down the 
time honored equation: 


(1) 2 COS$>C+CO, 


No discussion of carburizing is complete without this equation 
and few published articles aimed at discussing carburizing have 
appeared without it. Perhaps it should be written 


(2) 2CO+3 Fe FeC + CO: 


At any rate we can assume that for carburizing with carbon 
monoxide (COQ) that equation (1) must proceed to the right, and to 
do so the proportions of carbon monoxide and carbon dioxide present 
in the gaseous mixture must be in a certain very definite concentration. 

Usually it is assumed that at the carburizing. temperature (ap- 
proximately 1700 degrees Fahr.) as much as 3 per cent carbon 
dioxide can be present before the reaction reverses and no nascent 
atomic carbon is formed. This is probably true in the absence of 
other gases such as nitrogen, etc., and under conditions which do not 
include work to be carburized. In fact, it may be true under these 
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conditions except at the surface of the work where equation (2) jis 
the one in which we are interested. 

We know from experience, and a careful test will show that 
very much smaller percentages of carbon dioxide on the work than 
is indicated by equilibrium studies of equation (1) will prevent car- 
burization. Dow* reports a percentage of carbon dioxide of approxi- 
mately 0.2 per cent as being effective in preventing carburizing under 
commercial conditions of gas carburizing. 

Since one of the products formed by the decomposition of carbon 
monoxide in carburizing is such an important factor in preventing 
carburizing if present in even very minute percentages at the surface 
of the work, it is necessary to prevent its accumulation. This can be 
done when gas carburizing by increased turbulence but in compound 
carburizing turbulence is absent or at least slight. 

It is interesting at this stage to note that the effect of turbulence 
in compound carburizing is in some manner obtained by the char- 
coal. Charcoal has an effect in carburizing with carbon monoxide 
over and above that of reacting with carbon dioxide to form the 
carbon monoxide for carburizing. The reaction 


C+ CO:->2 CO 


should proceed at carburizing temperature as long as the carbon 
dioxide is more than a very small percentage. But it is immediately 
necessary to consider the form in which the carbon is present. Ina 
carburizing compound, as is well known, coke, soot, graphite or solid 
carbon is practically inert and only the highly porous forms of carbon 
such as wood charcoal, pitch coke and the like are of commercial 
importance. 

This is an important consideration in our study of the underlying 
reasons for the success of carbon monoxide carburizing in the 
presence of charcoal. 

In other words, not only is carbon necessary but it must be in 
a definite physical form to be effective. It must be sized so that 
every part of the surface to be carburized will be a minimum distance 
from the nearest charcoal. It is, of course, true, as indicated before, 
that some carburizing effect will be found at a considerable distance 
from the charcoal but this effect will be relatively small and due to 
the pure carbon monoxide effect. The effect of charcoal particle 
size is evident in recesses in the work or where there are projections 





*J. Dow, Unpublished Investigation. 
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such as gear teeth which hold the charcoal away from the surface. 
Here a distinctly tapering off in the case is noted on surfaces more 
than a certain minimum distance from the nearest charcoal. 

In this connection it might be well to remember that circulation 
at the surface of the work is almost as important in compound car- 
burizing as it is in gas carburizing. 

While there is as a rule a very uniform (commercially speaking ) 
case depth on work properly carburized in compound, a careful study 
will develop differences which, while small, nevertheless indicate a 
variation in carburizing activity. Thus work, packed horizontally, 
will generally show a difference in case between the upper and lower 
side. The lower side is often somewhat deeper than the upper due 
probably to the effect of gas concentration on the upper and improved 
circulation on the under side. Recesses will show differences in the 
case depth depending on the position they are placed in the box. 
While the carburizing gas from the compound will in some cases 
penetrate through extremely small openings to form a light though 
troublesome case where it is not wanted, a light contact between two 
pieces of work will at other times result in almost complete absence 
of case. These variations can as a rule be traced to circulation effects 
which permit the accumulation of carbon dioxide in some locations to 
a greater degree than in others. 

Between the carbon dioxide and carbon monoxide ard the 
austenite surface at carburizing temperatures there are no doubt skin 
effects and surface reactions which depend on the rate of movement 
of the hot gases over the austenite surface. The difference in specific 
gravity between the two gases would tend to promote concentration 
of carbon dioxide on the work surface where the position of the 
work permitted. The more active reaction between the carbon dioxide 
and the austenite at the carburizing temperature would also tend to 
promote concentration of this gas and to prevent carburization. 

It is most important, therefore, that carbon dioxide be pre- 
vented from accumulating in contact with the work if carburization is 
to take place so that we are forced to devise some means of removing 
it from the surface of the steel. On carburizing with pure carbon 
monoxide this can be done by turbulence or rapid circulation which 
removes the carbon dioxide physically from the surface of the steel. 
In compound carburizing such a method is not commercially possible 
so that we must resort to other means. 

Strangely, charcoal uniquely fills the requirement, nicely serving 
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to remove the carbon dioxide and at the same time supplying carbon 
monoxide. How this is done is not as clear as a superficial study 
would indicate. Usually it is considered sufficient to state that the 
interaction of carbon dioxide with the carbon in the charcoal produces 
carbon monoxide according to the equation: 


CO: + C=2 CO. 


As noted above, this would be a simple explanation were it not for 
the fact that it does not seem to work if the carbon is in the form of 
soot, lamp black, graphite, etc. It does not explain either how the 
carbon dioxide which is closely adherent to the steel surface is re- 
moved when it does not come in actual contact with the charcoal. 

It is believed that a more logical explanation lies in the apparent 
property of charcoal to adsorb carbon dioxide more strongly than 
carbon monoxide at red heat. There is little data available on this 
subject although Arndt and Schraube* in 1912 conducted experi- 
ments the results of which indicated this characteristic of charcoal. 

The work of Arndt and Schraube should be carefully studied 
by all who are interested in the action of charcoal in contact with 
carbon monoxide and carbon dioxide at high temperatures. While 
the highest temperature which they studied was somewhat lower 
than that used in carburizing, their work showed quite conclusively 
that charcoal at high temperatures is preferentially adsorbent to car- 
bon dioxide as compared to carbon monoxide. 

At room temperatures charcoal will adsorb many times as much 
carbon dioxide as it will carbon monoxide and as the temperature 
increases, the ratio of carbon dioxide adsorption to carbon monoxide 
adsorption decreases. But even at carburizing temperatures it is 
apparent the carbon dioxide is preferentially adsorbed. 

Charcoal has been used as a source of carbon for man’s use 
longer than any other form and was used for carburizing for long 
years before anything else. In the study of charcoals for carburizing 
compounds there has been ample evidence that the denser hardwood 
charcoals were superior to the softer less dense charcoals and patents 
have been obtained which set forth the advantages of coconut shell 
and peach pit charcoal as a carburizing compound base. If we com- 
pare the preferred charcoals for carburizing with the preierred car- 
bons for gas adsorption we will find that they are the same. This, of 
course, may be a coincidence and the fact that a carbonaceous mate- 





*Nernst Testschrift, Vol. 46, 1912. 
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rial having no adsorptive power for gas has also little value in a 
carburizing compound may not be important. It helps explain, how- 
ever, the peculiar action of charcoal as compared to other forms of 
carbon in a carburizing compound. 

The fact that charcoal is preferentially adsorptive to the carbon 
dioxide as compared to the carbon monoxide is important in that in 
mixtures of carbon dioxide and carbon monoxide it serves to remove 
the carbon dioxide down to an extremely small residual. The in- 
creased contact of the gas with the charcoal which results from the 
adsorptive effect of its surface pores promotes the reaction to form 
carbon monoxide. The tendency to reject the carbon monoxide as 
fast as it is formed in favor of more carbon dioxide if available 
tends to remove all of the carbon dioxide in proximity to the charcoal. 

This is an important advantage of the charcoal in view of the 
fact that in actual carburizing practice, as little as 0.2 per cent of 
carbon dioxide will prevent carburization by carbon monoxide. There 
is also the possibility that the reaction of the carbon dioxide with the 
adsorptive charcoal is so active that considerable turbulence results 
from the evolution of the carbon monoxide, and this turbulence may 
serve to help remove physically same of the carbon dioxide at the 
surface of the work. 

The reaction of the charcoal with water vapor or oxygen would 
be of the same nature, quite violent and complete. These gases are 
as active as carbon dioxide in preventing carburization and must be 
removed from the surface of the steel if carburizing is to occur. 
They react with carbon at carburizing temperatures to form carbon 
dioxide which is converted' immediately to the monoxide. This is the 
basis of gas carburizing methods which pass a so-called “flue gas” 
through incandescent charcoal to remove the last traces of water 
vapor, oxygen, or carbon dioxide. 

So far, little has been said of the part played by the carbonate 
energizer. According to the usual explanation it serves to furnish 
the carbon dioxide to react with the charcoal to form carbon monoxide 
which does the carburizing. Theoretically this would not be necessary 
once the carburizing temperature has been reached, but practically it 
is important because of less of carbon monoxide around the cover of 
the carburizing box. There is also some uncertainty as to the exact 
function of the BaCO, since experiments conducted using BaO in- 
stead of the carbonate seem to indicate that it will function as an 
energizer as well as the carbonate. If this is true it might be pos- 
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sible that at the temperature used in carburizing, the energizer has 
some other function in addition to that of supplying the initial carbon 
dioxide. If the barium oxide would serve as well as the carbonate 
(but no better) it might be possible that it serves to help remove the 
carbon dioxide under conditions where it is in excess of the equilib- 
rium percentage. Thus the equation 


BaCO; = BaO + CO: 


may reverse if the carbon dioxide exceeds a very small percentage 
and the balance is carbon monoxide. Such a reaction would decrease 
in its activity as the temperature increased and would seem to be a 
somewhat remote possibility. It is possible that the BaO at low tem- 
peratures very actively combines with whatever carbon dioxide is 
available to. form the carbonate which serves in the same manner as 
the usual carbonate energizer. The evolution of gas from the car- 
bonate may also supply the necessary turbulence to physically remove 
the carbon dioxide from the surface of the steel. 


SUMMARY 


1. Carburizing by means of solid carburizing agents depends on 
the ability of a charcoal-carbonate mixture to produce carbon 
monoxide. 

2. The removal of carbon dioxide from the surface of the 
work being carburized is of primary importance in obtaining satis- 
factory commercial carburizing results. 

3. This removal of carbon dioxide in compound carburizing 
depends on the ability of the charcoal to preferentially adsorb carbon 
dioxide as compared to carbon monoxide. 

4. The physical form of the carbon which reacts with the car- 
bon dioxide formed is very important and is apparently only satis- 
factory when it has a highly porous or adsorbent surface. 


DISCUSSION 


Written Discussion: By Hugh Rodman, president, Rodman Chemical 
Co., Verona, Pa. 

Mr. McQuaid has presented an interesting hypothesis to account for the 
successful carburization of mild steel by the usual solid carburizing compounds. 
He calls attention to the need for high turbulence in carburizing with carbon 
monoxide gas only, shows that the gases in the carburizing box are, and neces- 
sarily must be, nearly pure carbon monoxide, shows that charcoal adsorbs car- 
bon dioxide in preference to carbon monoxide. With these facts established, 
he argues that carburization with solid carburizers, especially those consisting 
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essentially of hardwood charcoal and barium carbonate, is greatly assisted by 
the adsorption of carbon dioxide within the pores of the charcoal, and by 
turbulence caused by emission of carbon monoxide from the charcoal surfaces. 

The greater portion of Mr. McQuaid’s paper is concerned with the prefer- 
ential adsorptive capacity of charcoal for carbon dioxide, rather than for 
carbon monoxide, and the possible bearing of this characteristic upon car- 
burization processes. He shows that this characteristic exists strongly at room 
temperature, lessens as the temperature rises and possibly exists to some de- 
gree even at carburizing temperatures. He argues that the charcoal, by virtue 
of this characteristic, aids in stripping the gases within the pot of the carbon 
dioxide formed at the surface of the steel, and thereby facilitates carburization. 

In considering this theory, Mr. McQuaid observes that hardwood charcoal, 
with no added energizer, carburizes steel to a greater degree than the less 
dense softwood charcoal, or such substances as soot, and that the dense char- 
coal derived from nutshells has been suggested as an improvement over hard- 
wood charcoal in the manufacture of carburizing compounds. He ties in these 
observations with the fact that nutshell charcoal is a preferred raw material 
in the manufacture of activated carbon and apparently concludes that the 
superiority of the denser charcoals for each purpose is related in some way to 
their superior capacity for adsorbing gases, or carbon dioxide in this particu- 
lar art. 

Mr. McQuaid offers no proof that hardwood charcoal shows a greater 
preferential adsorption for carbon dioxide over carbon monoxide than does 
softwood charcoal, even at room temperature, and there seems to be no proof 
whatever that either type of charcoal shows this preferential adsorptive capac- 
ity at carburizing temperatures. He offers the fact that the denser charcoals 
are preferred to softwood charcoal in the manufacture of activated ¢arbon, 
but this does not supply the needed proof. Softwood charcoal will dctivate 
quite as easily as hardwood charcoal or nutshell charcoal, the preference for 
the latter, especially where the activated carbon is to be used in gas mask 
canisters, being due to its greater density and freedom from dusting. He finds 
additional support for his theory in an old patent which suggests the use of 
nutshell charcoal in the manufacture of carburizing compounds and he ap- 
parently assumes from this patent that dense charcoal of this type, without 
added energizer, must carburize steel more effectively than softwood charcoal. 
Unfortunately for this assumption, shell charcoal, at least that derived from 
coconut shells, is a very slow carburizer either before or after activation. Evi- 
dently, here, adsorptive capacity is not a factor in carburizing. 

Mr. McQuaid has overlooked a fact known to farmers who leach hardwood 
ashes to secure potash with which to make soap. Hardwood contains more 
ash than softwood and of a stronger alkaline character, and this alkali acts 
as an energizer just as does sodium carbonate or barium carbonate. If the 
ash from hardwood be mixed with softwood charcoal, the softwood will then 
carburize as effectively as the hardwood. Coconut shell charcoal also has a 
small ash content and therefore carburizes slowly, but it too may be energized 
by adding the ash from hardwoods. The carburizing strength of the several 
charcoals apparently depends directly upon their alkali content and not at all 
upon their adsorptive capacity. 
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Mr. McQuaid’s failure to consider the alkali content of the different char- 
coals is perhaps explained in the latter part of his paper, where he expresses a 
doubt if barium carbonate serves any useful purpose in carburizers other than 
that of supplying the very small amount of carbon dioxide required to start 
off the production of carbon monoxide.- This opinion is surprising in view of 
available evidence that barium carbonate reduces to barium oxide and, as 
such, acts as a catalyst to assist the charcoal in reducing carbon dioxide to 
carbon monoxide. Some of this evidence may be given here. Barium oxide 
may be substituted for barium carbonate, and calcium oxide may be substituted 
for calcium carbonate, with no reduction in carburizing effect. Other carbon- 
ates, as magnesium carbonate, which evolve carbon dioxide copiously but leave 
weak catalysts, will not serve the same purpose. Barium carbonate smeared 
upon pitch coke will reduce to barium oxide and energize the coke successfully. 
But if the barium carbonate, and some carbon to effect reduction, be placed 
in the bottom of a pot and some paper above it and above the paper the pitch 
coke and steel, no appreciable carburization will occur, although, evidently, 
the carbon dioxide from the carbonate reaches and mingles with the pitch 
coke. There seems to be no reasonable doubt that the barium oxide acts as a 
catalyst, assisting the charcoal to reduce carbon dioxide. 

In addition to its supposed function of adsorbing carbon dioxide, Mr. 
McQuaid suggests that charcoal throws off carbon monoxide with sufficient 
energy to cause turbulence in the gases and thereby assists in dislodging car- 
bon dioxide from the steel surfaces. It was thought worth while to try to esti- 
mate how rapidly this emission of carbon monoxide takes place. 

It is known that after the contents of a carburizing pot have been heated 
to a uniform and constant temperature there is no longer any flow of gases 
from the pot, in fact an attached gage will show no excess internal pressure. 
Under these circumstances carburization proceeds in the normal manner, car- 
bon monoxide surrendering carbon to the steel surfaces and becoming carbon 
dioxide, which in turn is reduced to carbon monoxide by the nearby carburizer. 
As evolution of excess gas has ceased, the weight of carbon absorbed by the 
steel must equal the weight of carbon evolved as carbon monoxide. If these 
are computed for any given carburizing operation where all measurements are 
available, it will be found that the linear speed of emission of carbon monoxide 
from the charcoal surfaces is approximately one-fifth inch per hour, which 
could hardly cause turbulence. (See note below). Apparently the necessary 
interplay of gases between the steel and the charcoal must be attributed to 
some such cause as rapid diffusion at high temperatures and short distances, 
rather than vo turbulence. 

In conclusion, it is submitted that Mr. McQuaid has not proven his thesis. 
There is no good evidence that adsorptive capacity plays any part in car- 
burization and much evidence to the contrary. There is no evidence that turbu- 


In a 2-inch diameter by 6-inch high pot were packed two pieces of 1020 steel, each 
1 inch by 234 inches by # inch; also 100 grams of energized No. 3 charcoal consisting 
of 500 separate fragments having soneeereoy 200 square inches of superficial surface. 
In 5 hours at 1700 degrees Fahr. the steel absorbed 0.7 gram of carbon. 

0.7 gram of carbon = 1.6 grams of carbon monoxide = 200 cubic inches of carbon 
monoxide at 1700 degrees Fahr. That is, 200 square inches of charcoal surface evolved 
200 cubic inches of carbon monoxide in 5 hours, indicating an emission speed of one-fifth 
inch per hour. 
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lence is caused by emission of carbon monoxide from the charcoal surfaces. 
There is abundant proof that carburization follows the use of alkaline catalysts. 

Written Discussion: By E. G. Mahin, University of Notre Dame, 
Notre Dame, Indiana. 

Since the action of energizers in pack carburizing is discussed by both 
Grossmann and McQuaid, in papers presented at this session, the present dis- 
cussion may be regarded as applying to both papers. Both of these authors 
mention the earlier explanation as to the role of energizers and both cite the 
work of Enos (loc. cit.) as throwing some doubt upon the adequacy of this 
explanation. 

Following the appearance of Enos’ paper, present writer published® a short 
note of comment but as this note appeared in a publication which does not 
ordinarily reach metallurgical readers, I venture to repeat the essential argu- 
ment here. 

In processes involving pack carburizing, the active agent, as is universally 
admitted, is carbon monoxide. Also it is generally understood that the primary 
source of this gas is in the reaction of oxygen of atmospheric air in the box 
with carbon. However, if the carburizer were to be some form of nearly pure 
carbon, such as sugar carbon, at carburizing temperatures there would be pres- 
ent a surprisingly low concentration of this essential gas. Losses occur 
through at least two causes: (1) Thermal expansion, which causes the expul- 
sion of whatever gas mixture may exist in the carburizing box at the time, 
and (2) volume increase, due to the substitution of two molecules of carbon 
monoxide for one molecule of oxygen. A roughly quantitative consideration of 
these losses would be about as follows: 

Air contains about 22 per cent of oxygen, by volume. Thermal expansion 
of the air originally in the box to the customary carburizing temperatures 
causes an increase in volume to somewhat more than four times the original 
volume and this change, with resulting loss by expulsion from the carburizing 
box, reduces the amount of oxygen to about one-fourth its original amount so 
that we now have a volume’ of oxygen represented by about 5.5 per cent of 
the original contained air, as measured cold. Naturally this is not now present 
as free oxygen but we are here considering it merely as potential carbon 
monoxide. 

Equilibrium in the system CO::C:CO, at various temperatures, has been 
studied by various investigators. While the figures obtained vary somewhat, 
the conclusion that carbon dioxide prevails in the lower temperature ranges, 
and carbon monoxide in the higher ranges, is universally accepted. The ac- 
companying graph illustrates the results of Rhead and Wheeler At 700 
degrees Cent. (1290 degrees Fahr.) such a gas mixture, in equilibrium with 
carbon, will contain about 61 per cent, by volume, of carbon monoxide, while 
at 950 degrees Cent. (1740 degrees Fahr.) such a gas mixture will contain 98.4 
per cent of this active gas. No claim is here made as to the absolute accuracy 
of these figures and they would be somewhat changed by the presence of atmos- 
pheric nitrogen, but the general argument is valid, in any case. When the 















































; *Mahin and Toussaint, “The Action of Energizers During Case-carburization,” 
Proceedings, Indiana Academy of Science, Vol. 42, Pp 113, 1932. 
‘Journal of the Chemical Society (London), Vol. 97, p. 2179, 1910. 
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first slow reaction of oxygen with carbon occurs, no doubt considerably below 
700 degrees Cent., the product is largely carbon dioxide. This causes no 
volume change, as is shown by the equation 


C+ 0; = CO, 


. eae . . : oe 
As the temperature rises, equilibrium shifts toward the formation of carbon 
monoxide and at 950 degrees Cent. (1740 degrees Fahr.) there is almost com- 
plete conversion into this gas. While the small amount of carbon dioxide 
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present is important in another connection, for the purpose of the present 
reasoning it may be ignored, especially as the present analysis is, at best, only 
roughly quantitative. The arbitrary assumption of complete conversion into 
carbon monoxide will lead to the conclusion that a volume of carbon monoxide 
will be formed which is twice that of the original oxygen, one molecule of 
oxygen forming two of carbon monoxide: 


2C + O, — 2CO 


The resulting expansion has caused expulsion of more gas from the carburizing 
box and this still further reduces the quantity of carbon monoxide to the point 
where carburization will be quite slow, unless at least a part of these losses is 
compensated by generation of the active gas within the box and from other 
sources. 

This additional supply of carbon monoxide has been accomplished by the 
addition of energizers and, as these energizers are invariably carbonates of 
some metal, such carbonates have naturally been regarded (and, correctly so) 
as potential sources of carbon monoxide, since at elevated temperatures they 
slowly evolve carbon dioxide which immediately reacts with carbon to form 
carbon monoxide in concentration proper to the equilibrium ratio for the tem- 
perature employed. The formation of this additional supply results in the 
substitution of this gas for a certain amount of nitrogen, expelled as a result 
of the volume increase. 
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In order to be of any practical service an energizer must not evolve its 
carbon dioxide too rapidly or within too low temperature ranges, in which case 
later dilution by backward diffusion of atmospheric nitrogen through leaks in 
the luting would occur. Neither should the energizer be too difficult to decom- 
pose, thus being too slow in action to be satisfactory in maintaining a suffi- 
cient supply of carbon monoxide to overcome dilution by this cause. A mix- 
ture of carbonates is ideal, if such mixture contains a fairly easily decomposed 
carbonate which will cause an early evolution of carbon dioxide and thus will 
expel considerable atmospheric nitrogen from the box, also a more stable car- 
bonate which will slowly decompose with rising temperature and so providing 
a slow, but more or less continuous, evolution of carbon dioxide in the higher 
temperature ranges. From this standpoint one may understand why calcium 
carbonate proves to be a poor energizer. Its decomposition occurs early in 
the heating process and, while it does serve a purpose in expelling part of the 
atmospheric nitrogen from the box, replacing this nitrogen by carbon dioxide, 
its action diminishes and becomes nearly negligible in the later stages of the 
long heating. Backward diffusion then serves to nullify its effect, to a con- 
siderable extent. 

Since publication of the paper by Enos, already cited, and also of two 
others jointly by Ragatz and Kowalke bearing upon the same subject, metal- 
lurgists have often exercised caution in accepting the old explanation of the 
action of energizers in carburizing processes and this caution has apparently 
been largely due to the fact that barium oxide, for example, was found to be 
a good energizer and that barium oxide obviously cannot furnish carbon dioxide 
when heated. Ragatz and Kowalke‘ experimented with a very large number 
of compounds as possible energizers. A few members of this list would appear 
to be promising, most of them unpromising, from the standpoint of theory 
accepted at the time. An analysis of their work would indicate that practically 
all of the compounds mentioned in their report would fall into one of two classes: 
(1) Good, or fairly good, energizers. All of these could be expected, from 
their known compositions, to furnish either carbon dioxide or oxygen, when 
heated, and to evolve the gas rather slowly. From the practical standpoint 
it is more or less immaterial whether carbon dioxide or oxygen is furnished, 
as either will form carbon monoxide by reaction with carbon. (2) Poor, or 
negligible, energizers. The known composition of none of these would give 
any ground for expecting them to furnish either oxygen or carbon dioxide, 
in any useful measure. To a very few of the compounds used by Ragatz and 
Kowalke might be attributed some sort of “catalytic” action, either positive 
or negative, of unexplained character, but further information as to the sup- 
posed catalysis is needed before we go to the extent of scrapping a ‘rational 
and hitherto accepted explanation of the role of energizers. 

Ragatz and Kowalke, in the last paper cited, offer an ingenious hypothesis 
to explain the action of energizers, based upon the assumption that such action 
is a function of the metal in the energizing compound, rather than of the 
compound as such. I offer no comment concerning the validity of this hypothe- 
sis, beyond the fact that it calls for experimental verification. 

Enos’ paper excited considerable comment, both favorable and unfavorable. 
‘Metals and Alloys, Vol. 2, p. 290 and 343, 1931. 
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Enos and his students undoubtedly rendered a service to the science in re- 
opening a subject which had been considered as more or less closed. Notwith- 
standing some of the rather severely critical comment expressed in the dis- 
cussion of his paper, I believe that his work was well done and that his con- 
clusions appeared at the time to be justified. The rather hypercritical discus- 
sion by Yap indicated that he (Yap) totally misinterpreted (or perhaps had 
not carefully read) Enos’ paper. His discussion appears to be less a real 
discussion of the paper as presented than a convenient vehicle for propounding 
more of his favorite thermodynamical reasoning. And rather questionable 
thermodynamics, as it seems to me, considering the extremely variable char- 
acter of conditions obtaining in commercial case carburization. 

Even after rendering this due credit to Enos, I am unable to accept his 
conclusion that carbonates, as such, have no important function when used as 
energizers. The fact that barium oxide also serves as an energizer, even 
though it could not serve as an initial source of carbon dioxide, falls in with 
the analysis of the behavior of energizers as explained earlier in the present 
discussion. Recalling that, in the lower temperature ranges, carbon dioxide is 
the predominating gas in the mixture contained in the carburizing box, it is 
easy to understand that barium oxide, if well ground and well distributed in 
porous carbon, may combine with nearly its full quota of carbon dioxide. The 
resulting disappearance of gas will counteract, to a considerable extent, the 
loss of oxygen (potential carbon monoxide) due to thermal expansion. At 
higher temperatures the barium carbonate thus formed will slowly yield its 
carbon dioxide as a normal energizer. McQuaid, on the last page of his paper, 
has touched this point but it appears that he considers this possible action as 
highly hypothetical. On the contrary, the writer considers it highly probable 
and reasonable. In order to test the matter we carried out a brief investiga- 
tion, which is reported in the paper by Mahin and Toussaint, already cited. 

Calcium carbonate is usually considered a poor energizer, barium car- 
bonate a good one. If the explanation offered above is approximately correct, 
calcium oxide also should prove to be an energizer, although a poor one, 
barium oxide a good one. Two carburizers were prepared from sugar carbon, 
each containing 15 per cent of energizer. Calcium oxide was used in one 
of these, barium oxide in the other. These mixtures were heated in a quartz 
tube, the exit to the tube being trapped to exclude backward diffusing air. 
Heating was carried to various temperatures, up to 900 degrees Cent. (1650 
degrees Fahr.). After maintaining the specified temperature for ten minutes 
the tube was removed and cooled. A sample of the carburizer was then re- 
moved and analyzed for carbon dioxide content. 

Allowing for the small amount of carbonate in the original oxides, it 
was found that the carburizer containing calcium oxide increased in carbon 
dioxide content up to 800 degrees Cent. (1470 degrees Fahr.), where the oxide 
was about one-fourth converted into carbonate. At 900 degrees Cent. (1650 
degrees Fahr.) the carbon dioxide content had fallen to about 4 per cent of 
that corresponding to calcium carbonate. The material energized with barium 
oxide increased its carbon dioxide content up to 800 degrees Cent. (1470 
degrees Fahr.), where conversion to carbonate was practically complete. At 
higher temperatures the carbon dioxide content feil somewhat. Between 80! 
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and 900 degrees Cent. it dropped from 27.9 to 26.2 per cent, indicating gradual 
and continuous decomposition of the carbonate. 

It seems fairly obvious, therefore, that calcium oxide combines with some 
carbon dioxide, but that it parts with the so-fixed gas at too low a tempera- 
ture and too early in the carburizing process to be of great use. Barium 
oxide, on the other hand, not only “fixes” the carbon dioxide prevailing at 
lower temperatures, but also yields it slowly at higher temperatures. On this 
account barium oxide not only proves to be an energizer of practical use; it 
also retains its usefulness over a considerable period in the carburizing opera- 
tion. 

Scientists are justly suspicious of theoretical explanations which seem too 
simple and too obvious. Too often the simplicity of such explanations is found 
to be due to failure to consider not-so-obvious angles of the situation. But this 
simplicity is not, in itself, proof of its inadequacy and I believe that we have 
here one of those examples, too rare in science but correspondingly delightful - 
to the scientist, of a simple explanation which is nevertheless, in the main, cor- 
rect. 

While discussing the general subject of carburization the writer desires to 
register his personal protest against the continued use of a certain chemical 
equation, used almost universally in papers and in textbooks dealing with the 
subject of cementation of iron or steel by carbon. Nearly everyone dismisses 
the earlier stages of carburization by reactions represented by the following 


equations : 2c0 > CO, + C 
or 2CO + 3Fe = Fe:C + CO, 
thus leaving the unstated inference that (1) elementary carbon formed by the 
first reaction then dissolves in iron or (2) the reaction occurs with formation 
of iron carbide. Overlooking (1) the fact that carbon monoxide is hot, by 
itself, unstable and that elementary carbon dissolves to a negligible extent in 
either alpha or gamma iron or (2) the fact that carbon is soluble appreciably 
only in gamma iron and that the solid solution so formed (austenite) contains 
atomic carbon and not iron carbide. 
Why not write the equation as an expression of a reversible reaction: 


2CO = CO: + C 

stating that equilibrium occurs with a negligible amount of carbon formed un- 
less some secondary action occurs to upset the equilibrium, the action in this 
case being the continued solution of carbon in gamma iron? Carbon monoxide 
dissolves, at carburizing temperatures, in gamma iron. It is true also that 
carbon dioxide dissolves in gamma iron, although probably to a less extent. 
When carbon monoxide dissolves it immediately undergoes the reaction above 
expressed (to the right) because carbon is left in solution and because the 
carbon so dissolved continuously diffuses away from the ‘surface. This action 
probably takes place in the first few atom layers of the iron (or steel) surface. 
Carbon dioxide largely returns to the box atmosphere, where it is reduced by 
carbon to maintain the equilibrium mixture appropriate to the prevailing 
temperature. 

Written Discussion: By H. B. Knowlton, metallurgical engineer, In- 
ternational Harvester Co., Chicago. 
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We have read Mr. McQuaid’s paper with a great deal of interest. He has 
brought out many points, which are worthy of careful thought. 

We are glad to note that he brings out the point that the function of the 
chemical energizer is to give off CO:, which is later converted to CO by 
reaction with charcoal, coke, or other forms of carbon. The exact action of 
the chemical energizers in carburizing compounds are probably not entirely 
known even yet. 

As Mr. McQuaid mentions, it has been brought out that barium oxide 
seems to function as satisfactorily as an energizer as does barium carbonate. 
This has led to the belief that the function of the energizer is-a catalytic one 
on the charcoal, coke or other form of carbon. This explanation, however, 
does not seem entirely satisfactory. 

Some years ago we ran a series of experiments in an effort to determine 
the function of chemical energizers. In these experiments we placed a layer of 
- barium carbonate and sodium carbonate, respectively, in the bottom of two 
small containers; while two additional containers were loaded with pure char- 
coal and a commercial compound, respectively. Two thicknesses of wire 
gauze were placed in the containers containing chemical, and charcoal was 
loaded in above the wire gauze. In this way the charcoal was definitely sep- 
arated from the chemical by about % inch. 

Test pins were placed horizontally in the chemical and in the bottom, 
middle, and top of the charcoal layers. It was found that the pins in the 
chemical showed very slight carburizing on one side and none on the other, 
while the pins in the bottom of the charcoal layer just above the chemical 
showed the deepest case and the highest percentage of carbon. The pins 
higher up showed somewhat less carburizing. The pins in the charcoal were 
all low in case depth and concentration of carbon, while the pins in the car- 
burizing compound, which was a mixture of charcoal, coke and energizers, 
showed very uniform case from top to bottom. 

We believe that this experiment demonstrated that the action of the 
energizer was due to gas liberated by the chemical, and further changed by 
chemical reaction with the carbon. This would also indicate that the effect 
of the chemical energizer on carburizing was not entirely the absorption of 
CO: produced at the surface of the steel by the chemical, because the chemical 
was too far removed from the specimens being carburized to function satis- 
factorily in this way. 

We believe that Mr. McQuaid has brought out a very good point, that 
it is necessary to keep the gas in contact with the steel, carbon monoxide, 
rather than carbon dioxide. Giolitti made a statement that the concentra- 
tion of carbon in the steel depended upon the volume of gas which passed 
over a unit surface of the steel. We believe that Mr. McQuaid’s explanation 
of this as being a mechanical carrying away of CO: produced by the action of 
CO with the steel, is very plausible. It follows, therefore, that if the carburiz- 
ing compound can keep the atmosphere in contact with the steel entirely CO, 
circulation is probably unnecessary. 

With regard to particle size of the carburizing compound, we believe 
that if the compound is too fine it packs too closely to the steel and prevents 
the formation of a suitable layer of CO around the surface of the steel. It 
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is well known that carbon dust in absence of air is a very poor carburizer. 
It is similarly well known that chemical carbonates in contact with the steel 
without the presence of carbon are definitely decarburizers. Perhaps this 
may offer some explanation as to why soot, lamp black, fine graphite packed 
closely against the steel do not function satisfactorily as carburizing mediums. 

Another point to be remembered is that the finer the compound, the slower 
will be the transfer of heat through the carburizing container. In running 
comparative tests of different carburizing materials, we found a definite rela- 
tion between size of compound and length of carburizing time, even in two 
compounds which were identically the same from a chemical standpoint. 

Written Discussion: By George M. Enos, Associate Professor of 
Metallurgy, University of Cincinnati, Cincinnati. 

Whenever Mr. McQuaid speaks on the subject of the carburizing of 
steel, we can be assured that interesting ideas will be presented and that the 
practical aspects of the subject will not be neglected. 

In connection with the removal of carbon dioxide from the surface of 
the work being carburized by preferential adsorption by the charcoal, there is 
room for a difference of opinion, and Mr. McQuaid does not cite extensive 
experiments on this point. A number of investigators have studied the adsorp- 
tion of gases by charcoal, among whom may be mentioned Lowry and 
Hulett ;* Rhead and Wheeler ;* Richardson and Woodhouse ;’ and Lowry.’ 

In a brief discussion it is not possible to cite all the data and conclusions 
of these (and other) investigators which might be applicable to a study of 
the part the charcoal itself plays in a carburizing process, but it is evident 
that further study is desirable if a complete explanation of the mechanism 
of carburization by pack methods is to be advanced. 

With reference to the function of energizers, especially BaCOs, it has been 
shown by C. E. Potter® that the part played by the CO. generated from carbon- 
ates is a minor part. It seems probable that the function of the energizers is 
that of catalysts. A number: of possible reactions suggest themselves, whereby 
the “oxide” of the energizer reacts with C, with N:2, with Hs, or with.CO 
or CO, to form an “intermediate compound” or compounds. For further 


discussion of this point, see discussion by the writer on the paper by Dr. 
Grossmann. 


Oral Discussion 


BrapLtey StouGHTon:” There is one phase of this equilibrium which has 
not been mentioned so far and it seems to me it goes far to clear up some of 
the criticisms of Mr. Rodman, for example. Mr. McQuaid has spoken of the 
adsorptive power of charcoal, and I cannot help believing that to reduce the 
amount of CO. immediately is an exceedingly important matter in promoting 





ey and G. Hulett, “Studies in the an by Charcoal,” Journal, 
hounded Ce Society, Vou. 42, 1920, p. 1393, also p. 1408. 


*T. F. E. Rhead and R. V. Wheeler, Journal, Chemical Society, Vol. 101, 1912, p. 831, 
also Vol. ‘oC 1912, p. 461. 


*Richardson and Woodhouse, Journal, American Chemical Society, Vol. 45, 1923, p. 2638. 
*H. H. Lowry, Journal of Physical Chemistry, Vol. 34, 1930, p. 63. 


oi — Potter, ““Carburization Catalysis,”” (Unpublished Thesis), University of Cincin- 
1 


*Dean of Department of Engineering, Lehigh University, Bethlehem, Pa. 
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the rapidity of carburization. But there is another side to this, and that js 
what is known as the reactivity of the form of carbon. I do not know 
whether Mr. McQuaid has taken that into consideration because I have not 
seen the paper, but it has not come out so far, at least, that we not only have 
to reduce the amount of CO, concentration but we also have to convert the 
CO: to CO, and the form of the carbon is a very important factor in that 
reaction. I can illustrate that by a fact that is well known to everyone: 
namely, the action of different forms of charcoal and coke in blast furnaces. 
If we put gas coke in a cupola, for example, it will dissolve in the gases, 
If we put it in the blast furnace it will dissolve well up in the furnace. In 
other words, the CO, that comes off from the limestone in the blast furnace 
in the upper levels will actually react with gas coke and reduce its amount, 
thereby making it much less useful as a fuel. In other words, the “CO. 
plus C equals 2CO reaction” is different with different forms of carbon. 
Ordinary by-product and beehive coke which has graphite on the cell walls of 
coke react very slowly. 

It may well be (I have not tested this and I do not know whether anyone 
has) that the charcoal from hardwood or from nuts has a different reactivity 
from the charcoal of softwood. That is something that seems to me to be 
exceedingly important in connection with this general study of equilibrium. 

M. A. GrossMANN: I would just like to add a few words in support of 
the discussion offered by Professor Mahin and Mr. Knowlton, regarding the ac- 
tion of energizers. Conversion of carbonates into oxides with the evolution oi 
CO, at higher temperatures, and the adsorption of carbon dioxide by the 
oxides at the lower temperatures, appears to offer a very rational explanation 
of the effect of energizers. 


Author’s Reply 


This was to be a theoretical discussion. If it were really a practical discus- 
sion I would like to spend about an hour discussing the subject of carburizing 
compounds and how they act. One of the first compounds I worked with con- 
sisted of a layer of mostly sodium carbonate and some barium carbonate in the 
bottom of the pot—about 2 inches—and the charcoal was entirely above that. 
We used to pack everything in the charcoal, and we got some pretty good cases. 
That compound was known as “Woodside Rapid Carburizing,” and was patented 
by W. P. Woodside, vice president of the American Society for Metals. It 
worked pretty well, we thought. We had trouble with the energizer eating holes 
in the boxes, and we had a lot of other difficulty with it, but as a carburizing 
medium it was pretty good. 

I did not intend to get into a discussion as to the relative efficiency o/ 
hardwood and softwood charcoal. Those who have purchased compounds 
on a large scale generally prefer hardwood charcoal for several reasons— 
one, that it is more stable and breaks up less. 

Professor Mahin put it rather well when he said that the function of 
the barium carbonate is to continually supply at a slow rate the carbon 
dioxide, which is immediately converted to CO, which is converted by the 
work itself to CO. The big problem is to get CO, that forms on the surface 
of the work away from the work. When I spoke of circulation I did not 
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intend to mean that they were producing gas at a high rate but simply that 
at the surface of the work there was a circulation taking place which was 
very much encouraged or enhanced or helped by the charcoal close to the 
work. 

Two fundamental things in carburizing were found. It is necessary to have 
a certain amount of energizer—not very much, also to have charcoal which is 
reactive, and to have the charcoal close to the work. The function of the 
charcoal close to the work is to remove the COs, because a very small percentage 
of CO. interferes with carburizing in gas carburizing. CO is one of the most 
active carburizing gases that we have. It only failed by the fact that the result- 
ing product of CO: is very difficult to remove from the work in carburizing, and 
apparently very simple to remove from the work in solid carburizing, and that 
is the prime function of the charcoal, to get that CO. away from the work and 
to convert it to carbon monoxide. 

Mr. Rodman’s discussion is very much appreciated. His long association 
with carburizing and especially his experience in the manufacture of carburiz- 
ing compounds would make him an authority in this field. He seems, however, 
to have missed the main point of this paper, which was to offer an explana- 
tion of the fact that in a carburizing compound the fact that there is available 
an intimate mixture of carbon and energizer does not necessarily mean that 
we have a satisfactory carburizing compound, but that the carbon must be in 
a particular form. In reading his discussion there seems to be no explanation 
that energized lamp black or solid carbon will not carburize commercially 
satisfactorily, whereas the same amount of energizer in combination with a 
charcoal will be very satisfactory. There is no doubt but what carbon dioxide 
reacts with carbonaceous material, either in the charcoal form or the form 
of coke at temperatures above 1450 degrees Fahr. This reaction is familiar 
to anyone who has had to operate gas producers. 

The writer well remembers experiments which were made using barium 
carbonate in combination \with different forms of carbon such as crushed 
graphite electrodes, crushed arc light carbons, various types of coke, char- 
coals, etc. The results of\ these experiments indicated very strongly that 
where we were dealing with carbon monoxide as a carburizing medium, that 
carbon in the form of charcoal gave results which were far superior to other 
forms of carbon. The broken arc lamp carbons and graphite are very poor 
and gas house or by-product coke was in some cases actually decarburizing. 

The object of this paper was to discuss this phase of the question and to 
offer an explanation as to the reason for the superiority of charcoal over other 
types of carbonaceous materials. I am, of course, perfectly familiar with the 
various alkali contents of different charcoals and the woods from which they 
are derived and there is no doubt but what these alkalies act as energizers 
and play an important part in the carburizing action. Their effect, I believe, 
is relatively small compared to the effect of the added energizer on the surface 
of the charcoal particles. 

The writer is, of course, familiar with the fact that barium oxide can be 
used to replace barium carbonate as an energizer material, but as stated in 
the paper, an explanation of its action is difficult to give unless we accept that 
all-inclusive word “catalyst” as an explanation. 
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The writer did not intend to convey the impression that the emission of 
carbon monoxide from the charcoal was a primary cause of removal of the 
carbon dioxide from the surface of the steel. It was suggested that the affinity 
of the charcoal for the carbon dioxide as well as the emission of the carbon 
monoxide was the important factor in the removal of the carbon dioxide. 

The example given by Mr. Rodman, by which he shows that the emission 
speed of carbon monoxide from the charcoal was only 1/5 inch per hour, 
apparently does not take into account the total carbon monoxide which is 
given off at the surface of the charcoal. This volume is many times the volume 
of carbon monoxide which can be calculated from the carbon absorption into 
the steel. Tests made by the writer of the total gases evolved from a carburiz- 
ing compound indicated that with a barium carbonate energizer the average 
rate was approximately ten times that given by Mr. Rodman, being very much 
greater than this at the early stages of heating and slowing down to a fairly 
constant volume after the first hour. 

Mr. Knowlton’s discussion is also very welcome and the data which he 
presents are of considerable value to those who are directly interested in the 
carburizing action. To those of us who worked with the old Woodside 
carburizer, his discussion of the effects of the carbonate energizer and its 
position relative to the charcoal is of great interest. A few years ago it was 
the object of most metallurgists in charge of large case hardening departments 
to strive to develop a carburizing compound which would be greatly superior 
to the standard charcoal carbonate type. Many interesting and perhaps many 
strange experiments were tried to replace the charcoal or the energizer with 
substances which would speed the carburizing action. The writer has made 
a very careful study of every carburizing patent issued by the United States 
Patent Office, from the beginning, and a careful and impartial study will 
indicate that apparently only two things are required to make a carburizing 
agent, and that is a porous form of carbon in combination with a carbonate 
energizer. As shown by Mr. Knowlton and suggested in the paper, an 
important requirement is that the porous charcoal be in contact with the steel 
surface being carburized. 
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GASEOUS MEDIA FOR CARBURIZING 
By Gorpon T. WILLIAMS 
Abstract 


A general survey of the literature on gas carburizing 
is given. Gas reactions within the carburizing chamber in 
contact with austenite are discussed and various simple 
gases considered. Carbon monoxide and many hydrocar- 
bons are shown to be satisfactory carburizing agents ful- 
filling the fundamental requirements, i.e., ability to furnish 
atomic or nascent carbon to the steel surface up to the 
capacity of the surface to absorb it. 

From the same viewpoint commercially available 
gases, and their special handling by dilution to reduce their 
activity, particularly their tendency toward soot precipita- 
tion are discussed. 


Carburization to definite maximum carbon content 
may be performed by use of dilute media of regulated 
carbon-supplying activity, or by permitting the hypereutec- 
toid zone to be removed or decreased by diffusion. 


A REVIEW of the literature and present ideas on atmospheres 
and media for carburizing of steel seems warranted in view 
of the great current interest in and increasing use of this type of 
cementation. It must not be assumed, however, that gas carburizing 
is a recent development; in 1825 wrought iron was being cemented 
by gas with reasonable success. During the first decade of this cen- 
tury furnace equipment for carburizing by gaseous media was de- 
scribed by Giolitti (1)* and several patents were issued to Machlet 
(2). The methods thus disclosed were used without important 
change until but recently. In the last few years, however, several 
new types of equipment have been developed, some of which have 
not yet been described in any detail. 

Development and efficient utilization of improved equipment, 
particularly of the continuous type, has been stimulated by and has 
stimulated many investigations of the reactions and equilibrium 


characteristics of the various basic gases, as well as the application of 


*The figures appearing in parentheses pertain to the references appended to this paper. 





A paper presented as part of the Symposium on Carburizing presented at 
the Nineteenth Annual Convention of the American Society for Metals held in 
Atlantic City, October 18 to 22, 1937. The author, Gordon T. Williams, is chief 
metallurgist, Cleveland Tractor Co., Cleveland. 
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commercially available mixed gases. It is the author’s purpose to 
summarize and discuss these previous investigations, to add certain 
observations of his own, and so far as possible, correlate and con- 
dense the established facts into a logical whole. 

Attention will be confined to temperatures between 1550 and 
1850 degrees Fahr., with especial emphasis on 1650 to 1750 degrees 
Fahr. The lower temperatures are useful only for very small depths 
of cementation, and the higher offer both mechanical and metallurgi- 
cal difficulties. 

With the several investigations made prior to 1900, we need not 
concern ourselves. Lack of precise control, particularly for tempera- 
ture, renders most of these experiments of only historical interest. 
Giolitti (1) summarized the literature up to 1912 in his “Cementation 
of Iron and Steel,” in which he described in detail a series of experi- 
ments to determine the required condition for successful carburizing 
and attempted to evaluate various gaseous media. Many of his con- 
clusions appear in the light of later researches to be inadequately 
founded, and like much of the available data are derived under 
laboratory conditions with some of the practical concommitant fac- 
tors neglected. 

Sykes (3) reported experiments in carburizing by mixtures of 
hydrogen and natural gas, principally with a view to preparing sam- 
ples having a uniform concentration of a selected carbon percentage. 

Bramley and associates (4, 5, 6, 7) in a series of researches 
investigated effects of rate of flow, time and temperature using CO 
alone and with addition of other gases, as well as the diffusion 
characteristics of carbon in steel. Here again, artificial laboratory 
conditions were used so that comparison to regular production prac- 
tice is not easy. 

Guthrie, and co-workers (8, 9) faced by practical difficulties in 
carburizing with city gas, investigated various media and cycles, ulti- 
mately arriving at what they considered a satisfactory procedure 
and suggesting several new lines of thought. 

Cowan (10, 11, 12) studied reactions with several gases in the 
course of developing a continuous carburizing method. 

McQuaid (13, 14) has given concise summaries of current prac- 
tice and requirements for successful operations. 

Gillett (15) in a summary of controlled atmospheres for heat 
treating discussed equilibria and carburizing procedure using gaseous 
media. 
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GASEOUS MEDIA FOR CARBURIZING 


Basic REQUIREMENTS IN GAS CARBURIZING 


McQuaid (13) states that the function of the carburizing 
medium is to provide carbon in atomic or nascent form available for 
absorption into the steel up to the absorption capacity of the steel. 
Since the maximum absorption rate is fixed for any given tempera- 
ture, pressure and type of steel, and the rate of penetration with time 
is limited by the diffusivity characteristic of carbon in the given steel, 
affected only moderately by the difference in “head” due to carbon 
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Fig. 1—Time-Temperature-Penetration Curves (Schlumpf). 
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gradient produced by gases of varying richness or carbon-supplying 
activity, it is obvious that there is a maximum carburizing rate which 
cannot be exceeded, regardless of activity of the medium under a 
given set of conditions. A series of curves, shown in Fig. 1, has been 
prepared by Schlumpf (16) giving the penetrations measured on 
fractured sections (i.e. down to about 0.50 per cent carbon) to be 
expected at the temperatures shown, using S.A.E. 1020, and natural 
gas at pressures a few ounces above atmospheric (the latter being 
usually employed in practice). In the writer’s experience these curves 
provide a true indication of the maximum results to be had under 
the given conditions, and it is interesting to note that published data, 
both laboratory and production, show results on or below these 
curves. Low penetrations are usually found to be due to one of 
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three causes, either inaccurately measured temperatures, failure to 
measure case depth accurately, or insufficient supply of active car- 
burizing medium. 

The range of penetrations at times below two hours is subject 
to considerable error due to the high absorption and diffusion rates, 
and the difficulty of accurately measuring the precise time at heat. 
Carburization starts with a very high velocity but is increasingly 
retarded by lowering of the diffusivity as the case becomes thicker ; 
where, at 1700 degrees, the first hour may give 0.025 inches, the 
fifteenth hour adds only about 0.004 inches. Consequently, for short 
runs, accuracy of temperature measurement is extremely important. 
This discussion refers, of course, to the actual temperature of the 
steel and gas; it is assumed furnace temperature is controllable with 
proper accuracy. 

All that can be required of a carburizing medium, then, is to 
supply a sufficient amount of carbon in such a form that it can be 
absorbed by the steel, and, second, to keep the surface of the steel 
in the most receptive condition. 

The mechanism of carbon absorption or migration in the steel 
being carburized will not be considered in this discussion. 


Drrect ACTION OF CARBON 


Carbon in a variety of forms, such as graphite, diamonds, and 
lampblack, has been the subject of many experiments to determine 
its direct carburizing action. Giolitti (1) summarizes results re- 
ported to 1912, the conclusion being that while some carburization 
may occur, particularly under extremely intimate contact under high 
pressure, the action is so slight as to be of no practical importance. 
Jominy (17) reports that even up to 2300 degrees Fahr., no car- 
burization occurred from soot deposited by rich gases. Carbon in 
solid form must, therefore, be considered a negligible source of 
carburizing activity. 


Gaseous MEDIA 


The various basic gases to be considered fall into three. general 
classifications: the oxides of carbon, hydrocarbons, and non-car- 
bonaceous gases such as hydrogen and water. The following are the 
fundamental gas reactions important in gaseous carburizing: 
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(1) 2CO = CO: + C 

(2) CH, @ 2H: + C 

(3) CO; + H: @ CO + H:O 
(4) CH. + CO. = 2H: + 2CO 
(5) CO + H.=@ C+ H:O 


The direction of the reactions listed above is dependent on tem- 
perature, ratios of gases, and presence of catalysts, both the steel 
surface to be carburized and the material of the reaction chamber 
exerting a definite effect. Fig. 2, based on data by Pring and Fairlee 
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Fig. _2—Equilibrium ~Ratios for CHy-Hz and 
CO2CO Reactions (Pring and Fairlee—Rhead and 
Wheeler). 


(18) for CH, - H, and Rhead and Wheeler (19) for CO, + CO, 
shows the effects of equilibrium atmospheres of these two vital gases. 
It must be borne in mind that these curves are for equilibrium condi- 
tions and pure gases; when, for example, the gases are diluted by 
other constituents, these ratios no longer hold; the curves conse- 
quently indicate limits only, but are of little use for gas mixtures. 

The speed of the reactions shown above is probably as important 
as the ultimate equilibrium. For instance, for reaction 4 to offset 
the decarburizing effect of small percentages of CO, or H,O it is 
necessary for the CH, concentration to be far above equilibrium ratio, 
so that the rate may be of the same order as reaction 1. When the 
reactions normally forming carbon are reversed, consuming carbon, 
they will by preference remove carbon from the steel rather than 
reacting with the relatively inert soot (20). 

Wilbor and Comstock (9) have summarized the hydrocarbon 
reactions in somewhat the following manner: 

“From a study of the equation of methane equilibrium (equation 
2, above) we can state that: 
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1. Higher temperatures speed this action from left to right. 

2. Pressure slows it down and favors the reaction from right to 
left. 

3. Hydrogen slows it down by favoring the reaction from right 
to left. 

4. Carbon dioxide reacts with methane to reduce the amount 
of available carbon according to equation 4 above. 

5. Carbon monoxide tends to nullify the effect of carbon diox- 
ide by favoring the reaction of equation 4 from right to left.” 

Carbon, an end product of equations 1 and 2, will be taken up 
by the austenite of the work surface to capacity, and excess carbon 
beyond this quantity will be deposited in solid form, as “soot.” The 
character of this carbon deposit will vary from light, fluffy lamp- 
black to heavy coke. The higher hydrocarbons, particularly unsat- 
urates, on pyrolysis, tend to give the harder carbon, due to poly- 
merization and tar formation. A large excess of a carbon-rich car- 
burizing gas may also give coke, even though a normal rate of 
flow produces soft carbon. 

These gaseous reactions tend to occur for the major part at 
surfaces, and appear to favor austenite, so that the carbon released 
will usually be largely available for carburizing, and gases of low 
available carbon may carburize without soot formation. 

Since CO is the most active agent in carburization by solid 
carbonaceous compounds, it was long thought that CO was also 
the most active medium in gaseous cementation. Giolitti (1) found 
that the gases he investigated could be grouped into two classes; 
first, the mild acting, producing a case with surface carbon at or 
below the eutectoid concentration; second, the sharp acting, giving 
surface carbon well above the eutectoid, resulting in a hypereutectoid 
cementite network, and a correspondingly higher carbon gradient 
than ‘in the first class. CO alone he found to give the first type case, 
all hydrocarbons the second type. It will later be shown that these 
types are not distinct, the surface carbon and the carbon gradient de- 
pending on the richness of the gas in available carbon and on gas flow. 
Giolitti, however, encountered with hypereutectoid cases a condition 
of coalescence of cementite into a band at the outer edge of the 
eutectoid zone, resulting in a tendency to exfoliation of the case 
after hardening. This he called liquation; later observers have not 
encountered it, and the conclusion is that varying temperatures dur- 
ing carburizing produced this coalescence (4). 
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Giolitti found in his experiments that additions of benzene 
(C, H,) to the flow of CO showed an increased absorption of carbon 
with increasing C,H,, and that a flow equivalent to 4.4 liters per 
hour of C,H, gas gave a considerably greater absorption than 6 liters 
per hour of CO. 

Charts made by Bramley (4,5) summarize some of the many 
laboratory experiments reported in his papers. Fig. 3 shows in four 


Carburizing Gases 
LOhr. at 1/740 F. 


Per Cent Carbon 





oO 0.040 0.080 0.120 
Depth , inches 


Fig. 3—Effect of Rate of Flow of CO (Bramley). 


curves the effect on carbon concentration of successive increases in - 
the rate of flow of CO from 7 to 28 liters per hour, at 1740 de- 
grees Fahr., with a curve also shown for toluol-saturated CO for 
comparison. There is no indication that the maximum has been 
reached. Note, however, the small change in total penetration. No 
soot was found on the work in any of these tests. An interesting 
series was devoted to effect of hydrocarbon additions to CO; the 








Table I 
Addition of Volatile Hydrocarbons to CO—Bramley (5) 
Weight of 

Temperature Time Carbon Vapor Pressure 
Degrees Fahr. Hours CO Volume Saturant Absorbed from Data Given 

1740 10 7 None 0.55 eau 

1740 10 ? Toluene 1.69 21.0 mm. 

1740 10 7 Benzene 2.04 74.6 

1740 10 7 Xylene 0.79 


10.0 
1740 10 14 Petrol fraction 2.50 122.5 (?) 
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gas was passed over and against a series of shallow pans containing 
the addition liquid; in this way a partial saturation of CO with a 
hydrocarbon was obtained. Fig. 4 illustrates the effect of certain of 
these enriched gases. -The increased vigor, as shown by carbon con- 
centration, is obvious. One factor which Bramley was not concerned 
with was that the absorption of the addition agent by the CO would 
be dependent on vapor pressure of the liquid; if we compare on this 
basis, we see that the added gases are not evaluated, but their volatil- 
ity is (Table I). 
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Fig. 4—Effect of Hydrocarbons on CO (Bramley). 


It is thus seen that even the slight amount of toluene which was 
evaporated in these tests has exerted a tremendous influence. Bram- 
ley further found that doubling this flow of toluene-saturated CO 
did not double the absorption, as with CO alone and a further in- 
crease gave no greater action. Soot was formed in all tests when a 
hydrocarbon saturant was used, the quantity being related to the rich- 
ness of the gas, in this case to the volatility of the addition agent. 

Carbon monoxide, then, is relatively feeble, unless high flows 
are used, its action being easily overshadowed by slight amounts of 
hydrocarbons. Its activity in carburizing by solid compounds is 
explicable on two grounds, as is being discussed by McQuaid in this 
symposium; first, an ample supply of carbon in an active form 
leads to vigorous transfer to the steel surface by the reaction 2CO 
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z= CO, + C; second, that the carbon source has an effect per se 
by occluding reaction product gases. In gas carburizing, this bene- 
ficial active carbon is absent, and for that reason CO is very weak- 
acting. 

Hydrocarbons of the methane series represent the most widely 
used carburizing agents. Methane is ordinarily present in “city gas” 
from 25 to 50 per cent, and in natural gas from 70 per cent on. 
All of the higher homologues of methane ultimately break down, on 
heating, to methane with accompanying soot deposition. It is appar- 
ent from examination of Fig. 4 that benzene (C,H,), and the “petrol 
fraction” used, (principally hexane (C, H,,) from boiling point data 
given) are obviously potent sources of carbon. Lowe (19) has used 
dipentene (C,,H,,) and aniline (C,H,-NH,) with similar results, 
these normally liquid hydrocarbons being volatilized by the tempera- 
ture of the reaction chamber. Propane (C,H,) and butane (C,H,,) 
have also been widely used with successful results when the high 
tendency to form soot from cracking at carburizing temperatures is 
decreased by special treatment, as will be discussed later: presence of 
high percentages of propylene or butylene in these gases gives rise 
to excessive and damaging deposited carbon according to Cowan 
(12). Note that the weight of carbon per unit volume will increase 
as molecular weight increases, in accordance with gas laws, thus 
explaining the excessive deposition attending high flows of the higher 
hydrocarbons. 

Methane is the most stable of the paraffinic series of hydro- 
carbons, requiring a relatively long time at heat to decompose to 
equilibrium. For this reason Dow (20) and McQuaid (14) regard 
CH, as a satisfactory carburizing medium only when relatively 
high CH, concentrations are used; with dilute gases Dow found 
CH, passing through the chamber almost unchanged. Natural gas 
contains a sufficiently high content of CH, that the small percentage 
breakdown still provides sufficient carbon. With higher hydro- 
carbons it appears likely that carbon from primary pyrolysis, rather 
than ultimate breakdown of CH,, is the effective agent. 

The reactions accompanying the thermal decompositions of 
these hydrocarbons have been studied to a limited extent, the data 
being summarized by Hurd (21) in his “Pyrolysis of Carbon Com- 
pounds.” In general, however, the acceleration of decomposition 
due to catalysis by nickel (in the heat resisting alloy) and the iron 
surface of the work, as well as the mixture of gases used for car- 
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burizing, make for a very complicated series of reactions impre- 
dictable from behavior of isolated pure gases. 

The approach to gas carburizing has, therefore, been largely 
empirical, reactions, equations and equilibrium data being deduced 
rather than predicted. 

Since, as was shown in Fig. 3, CO may with high flows ap- 
proach hydrocarbons in effectiveness without soot formation, ob- 
viously soot is not a necessary element of successful gas carburiz- 
ing. In fact, its very formation is the indication of a reaction gone 
unnecessarily far, yet it usually must occur to insure reaction in the 
right direction, if maximum rate and maximum carbon content are 
sought. 

Soot, however, exerts no beneficial action in gas carburizing, 
and may, if it accumulates in sufficient quantity, so block the sur- 
face of the steel as to interfere with carbon absorption. It is un- 
necessary to point out the disadvantages of a soot deposit remaining 
on work discharged from the carburizing chamber, whether quenched 
direct or slowly cooled. 

If a great excess of carbon-rich gas is used for the carburizing 
atmosphere, soot precipitation may occur to such a degree that a 
dense, coke-like sheath is produced, firm and continuous enough to 
be removed from the work in large sections. This, of course, is a 
decidedly undesirable condition and need not be encountered in well 
controlled practical operations. It is interesting to note that the 
“soot” produced in gas carburizing at or near 1700 degrees Fahr. 
will frequently be found to contain iron, the amount of iron being 
somewhat constant, with the result that the color of this “soot” may 
vary frorh red to black with increasing flow and consequent carbon 
deposition. Guthrie (23) explains this as due to the action of CO 
on iron, forming iron carbonyl, which is volatile but entrapped by 
the soot. 

Uniformity of distribution of carburizing agent (and conse- 
quently of results) must be provided for in practice. An increas- 
ing velocity of flow will, of course, give better turbulence and 
scavenging of spent gases from the surface of the work. But such 
increased flow, with a hydrocarbon gas, will result in excessive soot 
deposition. 

Cowan (12) reports further that in many cases increased flow 
beyond a certain value results, not in better turbulence and distri- 
bution, but in channeling or stratification of the carburizing at- 
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mosphere to such an extent that certain locations in the chamber 
may produce very much reduced carburization. He states “it is 
readily seen what has taken place; the increased gas flow has chan- 
neled along the top of the muffle and has prevented the circulation 
of gas within the mass of the load of work, thereby producing 
very nonuniform results.” Relocation of gas inlets to provide agi- 
tation of the gas within the muffle gave similar erratic results. In 
discussion of Cowan’s paper (12) Daasch suggests that the decreased 
time at heat of the gases due to the rapid flow may not have been 
sufficient to permit the necessary pyrolysis to take place, and showed 
that maximum carburizing occurs only after a definite time at heat 
of carburizing gas. Thus “stratification” results in varied time of gas 
at heat and consequent variable carburizing activity of the different 
gas strata. 

Although equipment is available to give velocity to the gas with- 
out high flow rates through the use of a fan, the approach to this 
problem has been in general to so dilute the gas, impoverishing it in 
hydrocarbons, that moderate flows, sufficient to give uniformity, could 
be used without excessive soot formation. 


NONCARBURIZING GASES 


In this classification fall those gases which may be present by 
design or accident in the carburizing medium and which are either 
noncarbonaceous or are not sources of directly available carbon. 

Nitrogen is apparently without significant effect, for, as will be 
shown later, high percentages of air may be admixed with rich media 
with no increase in maximum carburization, attenuation of the 
medium being the only result. Experiments carried out by the writer 
several years ago using pure nitrogen mixed with natural gas showed 
no variation in carburization until the percentage became high enough 
to dilute the medium to too great an extent. 

Hydrogen, as is to be expected from the equations shown above, 
has a very significant action. Mixtures of CO and H, were tried by 
Bramley (6) with the result that, using a constant flow of CO, addi- 
tion of an equal amount of H, gave a sharp increase in carburization. 
Such, however, is not the case when hydrogen is present with hydro- 
carbons. A fair amount—up to perhaps 35 per cent—of hydrogen 
seems to act only as a diluent, as shown by the many successful 
operations using city gas, but a ratio much above this causes decreased 
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carburizing activity, as noted before, by favoring reversal of equation 
2 above, decreasing methane breakdown and atomic carbon genera- 
tion. By this means Sykes (3), using accurate mixtures of natural 
gas and hydrogen, produced atmospheres in equilibrium with selected 
carbon contents thus permitting carburization to a predetermined 
analysis throughout steel pieces. 

Carbon dioxide is an active oxidizing and decarburizing agent. 
While vigorous media with high available carbon can apparently 
tolerate a large percentage of CO,, its presence in dilute media is 
definitely damaging (20). The presence of more than a few tenths 
of one per cent CO, in effluent gas is an accepted indication of an 
unsatisfactory reaction or atmosphere (20, 33). As will be discussed 
later, specific use has been claimed for the oxidation reaction of CO, 
in removing soot deposits previously formed by hydrocarbons. 

Water vapor, also oxidizing and decarburizing, occupies a very 
important place in carburizing. Many somewhat contradictory ex- 
periences have been reported. Bramley (4) found that dehydrated 
CO gave considerably greater carburization than CO bubbled through 
water. Guthrie (8) found dry city gas to be inferior to gas with a 
definitely controlled content of H,O, and believed variation in mois- 
ture to be a fundamental cause of erratic results, high H,O being 
more damaging than none. Cowan (12) reports that increasing 
H,O content from that remaining after dehydration by activated 
alumina up to a dew point of 75 degrees Fahr. gave increasing depth 
of case with a medium consisting of propane diluted by cracked gas. 
The writer could find no difference in carburization with natural gas 
—flue gas mixtures with dew point of 15 and 85 degrees Fahr., nor 
with natural gas dry and saturated with H,O at room temperature. 
Here, as with CO, the tolerance of natural gas is apparently great. 
Dow (20) has found H,O very damaging in working with dilute 
media of reduced carburizing activity. 


PRESSURE 


Using pressures below atmospheric, Giolitti (1) found a reduc- 
tion in carburizing activity, while high pressures gave increased action. 
Since external pressure can have little effect on absorption of carbon 
by steel, increased carburization must be due to effect of pressure on 
the gaseous reactions, in retarding decomposition. Pressures an ounce 
or two above atmospheric are usually due to restricted outlet and 
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pressure of inlet gas. Up to 15 pounds per square inch has been 
used frequently in practice (8, 24) with gases erratic at lower pres- 
sures, and improved results obtained thereby. Mechanical difficulties 
of maintaining more than a few ounces of pressure within the car- 
burizing chamber are considerable, and for this reason high pressure 
is generally avoided, 


CoMMERCIALLY UsEFUL MEDIA 


1. City Gas. Typical analyses of city gas are given in Table II. 
There are great variations in analysis from day to day depending 
on demand, the gas being modified by additions to produce a standard 
heating value. Due to these variations, city gas has been found to 
be an erratic and troublesome medium in some locations, while in 
other places, no difficulties are experienced (27). 

Guthrie and associates (8, 9) came to the conclusion that 
variations in moisture content were more significant than the actual 
dry gas analysis, and evolved a standard procedure, consisting of 
dehydration and the addition of a definite amount of water, which 
gave reproducible results comparable with the best theretofore 
obtained. . 


Table Il 
Typical Analyses of Local Gases 
Unsat- 
Type Location CO. Os Ne CO He CH, CoHe urates 
City Gas Toledo 2.8 03 3.3 84 48.1 33.1 .... 4.1 Cowan (13) 
City Gas Syracuse 3.0 0.6 5.6 12.1 44.6 29.8 .... 4.3 MeNally (24) 
Natural Gas_ Cleveland ooh 66° OS  0.86°.... BK7. 78 BA Bie) 
NaturalGas Birmingham eae =, alee 0 ° SO .... Bia 


In some instances, weakly carburizing city gases have been en- 
riched by saturation with hydrocarbons, the gas being bubbled through 
benzene or a similar mildly volatile liquid, or the addition may be 
made by injection into the gas stream. In such cases satisfactory 
results have been obtained (27). 

Houdremont (26) mentions a German practice of passing city 
gas through a heated retort containing carbonaceous compounds to 
enrich the gas before induction to the carburizing chamber. 

2. Natural Gas. Typical analyses of natural gas are given in 
Table II. Hydrocarbons of the paraffin series constitute over 95 
per cent of these gases, and, consequently, they provide very active 
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carbonaceous atmospheres. The stability of the paraffin series de. 
creases with increasing molecular weight, methane being a decomposi- 
tion product. Methane, as was earlier discussed, in turn decomposes 
slowly to an equilibrium between CH,, H, and C. The required 
ratio (see Fig. 2) of CH, to H, is readily obtained by proper flow 
of natural gas, and carburizing proceeds at the maximum rate. 

Soot, however, will form in considerable quantity, and, as men- 
tioned before, may accumulate to such an extent as to interfere with 
carburizing. Several years ago, the writer, in an effort to decrease 
soot, experimented with rate of flow in a rotary retort carburizing 
furnace. Charges of work used were such that 15 cubic feet per 
hour of natural gas should have provided the carbon necessary for 
maximum carburizing. It was found, however, that flows less than 
75 cubic feet per hour gave erratic results, due presumably to incom- 
plete removal of spent gas from work surfaces. This minimum flow 
required for uniformity of cementation produced a moderate amount 
of soot, and further flow increases likewise increased soot, until at 200 
cubic feet per hour, the precipitation was sufficient to give a coke- 
like deposit. 

3. Liquefied Hydrocarbons. “Bottled gases,” readily available 
in desired quantities, are usually propane, although butane is some- 
times used. On heating, an atmosphere of propane or butane rapidly 
decomposes, forming methane, carbon and hydrogen principally. 
These provide very active media for carburizing and for carbon 
precipitation. The very rapid breakdown, as well as increased carbon 
per unit of gas, make the higher hydrocarbon far more vigorous than 
methane. Their use unmodified is impractical because of their soot 
forming propensity, and dilution of the inlet gas, as later discussed, 
is almost invariably employed. In certain instances (27) preheating 
of rich gases has been successful in precipitating soot before gas is 
led into the carburizing chamber. 

4. Liquid Hydrocarbons. Atmospheres may be prepared by 
volatilization of such hydrocarbons as dipentene, aniline, gasoline, etc. 
The liquid is usually admitted to the carburizing chamber in controlled 
quantity. The soot-forming tendency of these heavier hydrocarbons 
is great, but if artificial turbulence by a fan is produced, the excess 
of available carbon introduced need not be great, and soot deposit 
may be held to a harmless amount. Lindberg (28) has described 
commercial operations of this type. Dilution may, of course, be 
employed. 
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5. Solids. Some investigations have been made by Osterman 
(27) and others in the use of solids added to the carburizing chamber 
in such a way that a hydrocarbon atmosphere is thereby generated 
Houdremont (26) refers to solids used in Germany as gas forming 
powders, heated, and the generated gas led into the carburizing 
chamber. Carburizing compounds of the energized charcoal type 
such as are used in pack carburizing, are employed in many instances 
(27). It would be difficult to say whether this is or is not gas 
carburizing. In most cases, however, the contact between the work 
and the solid compound is intimate so that it must be considered as 
outside the scope of this paper. 


DiILuTION MEDIA 


The strong soot-forming tendency of the more active and hence 
more desirable carburizing gases has led to many attempts to im- 
poverish the gas, by dilution with a weak, inert, or oxidizing gas, to 
such an extent that very little excess of carbon is formed beyond 


Per Cent Propane in. Ain Mix. 
10—- 20 30 40 50 


Per Cent Penetration 





20 40 60 80 100 
Per Cent Natural Gas in Air Mix. 


Fig. 5—Dilution by Air. 


what the work will absorb. Several of these dilution media will be 
discussed. 

_ 1. Air. The ease and economy of “thinning down” the carburiz- 
Ing gas by air has led to its frequent use. Osterman (29) in dis- 
cussing this process, states that highly satisfactory results are obtained 
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using propane, which alone gave excessive carbon deposition, diluted 
with air, The writer experimented with air dilution of natural gas 
with the results shown in Fig. 5. It will be noted that a mixture 
containing over 40 per cent air had reduced carburizing potency, 
although soot was somewhat decreased by smaller air additions, 
McNally (24) has reported satisfactory experience with propane 
diluted by 40 per cent air. A curve obtained by McQuaid (14) for 
propane diluted by air is also shown in Fig. 5. Air dilution of 
propane is patented (29). 

2. Carbon Dioxide. Reduction in soot and consequent assurance 
of maximum carburizing by use of CO, as a diluent has been dis- 
closed by Brower (31). The percentage of CO, which can be 
admixed is obviously limited by the equilibrium curve shown in Fig. 2, 
although it must be remembered that in accordance with equation 3, 
above, CO, will be reduced in the presence of H, to CO and H,0O. 
The absence of an economical source of carbon dioxide renders this 
method of scientific interest only. Dow (20) regards CO, as very 
damaging when present in media diluted to give atmospheres in 
equilibrium with low carbon steel surfaces. 

3. Flue Gas. The general term flue gas is used to cover media 
prepared by partial or complete combustion of. heating gas under con- 
trolled conditions, resulting in a medium containing largely N,, with 
H,O, CO, CO,, and H, present in amounts determined by the mix- 
ture burnt. Such a gas by itself is usually oxidizing at carburizing 
temperatures due to the high moisture and CO, content. Cowan 
(11, 12) and Thomas (32) described operations using natural gas 
diluted by such a flue gas. As percentage of flue gas is increased, 
the richness of the medium is obviously decreased, and lower maxi- 
mum carbon content will be produced. In the writer’s experience a 
change of flue gas analysis from 1 per cent CO to 9 per cent CO 
prodyced no noticeable variation in type of case or rate of penetra- 
tion when used as a diluent with equal volume of natural gas. Sufh- 
cient circulation to insure scavenging of spent gases and uniformity 
of carburization can be secured by the use of flue gas as a dilution 
medium without excessive soot deposition. 

Analyses by the writer have shown that even with as much as 
5 per cent CO, in admitted mixture with natural gas, reaction s0 
proceeds that less than 0.2 per cent CO, is found in the effluent gas. 
This observation is confirmed by Widner (33). 

4. Charcoal Treated Gas. Commercial use has recently been 
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made of a diluent prepared by passing flue gas mixtures over heated 
charcoal, producing a gas of 25 to 30 per cent CO, equivalent H,, 
and high N,, with but traces of CO, and H,O. This, it will be noted, 
is based on the “water-gas” reaction by which steam, passed over hot 
coke, reacts to give a gas largely CO and H,. The diluent prepared 
in this manner, containing practically no decarburizing and oxidizing 
CO, and H,O should and does make a very satisfactory carrier 
medium. Since the amount of what may be called “anti-carburizing” 
gases, i.e, CO, and H,O, is small, large excesses of carburizing 
agents to counteract are unnecessary, and the medium can be run 
close to the desired equilibrium analysis (20). Thus high or low 
carbon cases may be produced with minimum soot deposition, only 
sufficient active gas being used to produce the desired available car- 
bon, flow being provided by the prepared diluent. The percentage of 
active gas required is obviously lower than when the diluent contains 
CO, or H,O which tend to reverse the desired reactions. Carburizing 
has been performed by such gases with complete absence of soot 
formation (20). No technical discussion of the preparation method 
has yet been made public, although it is being commercially applied 
for both “full depth” carburizing and for light cases produced at 
temperatures just above A,, with controlled maximum carbon content. 

5. Dissociated Ammonia. Austin (34) has presented data on 
carburization in atmospheres of butane diluted by high percentages 
of dissociated ammonia. This diluent was prepared in a unit as 
described by Berliner (35) giving an output high in dissociation 
products of ammonia, i.e., 75 per cent H, and 25 per cent N,. To 
the best of the writer’s knowledge no commercial application of this 
work has been made to carburizing, but the diluent should be useful 
and effective. This medium should be useful for carburizing media 
of controlled activity to give selected maximum carbon contents, 
being free from oxidizing and decarburizing constituents. 


REGULATION OF CARBON CONTENT BY DIFFUSION 


The maximum carbon content of the surface layer of the car- 
burized piece, and, accordingly, the carbon gradient through the case, 
may be regulated by two means. One is the direct method of adjust- 
ment of gas by enrichment or dilution of the medium to provide for 
equilibrium with a selected carbon percentage, as discussed above. 
The other method is to carburize in a medium giving a higher con- 
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tent than desired, then, during a period of no further supply of active 
carburizing gas, maintain the work at heat, allowing the continuing 
inward diffusion of carbon to reduce and regulate the maximum 
content to the selected level. Since this is particularly feasible with 
gas atmospheres, requiring only interruption of the flow of active 
gas, some discussion of this process may be desirable. 

Day (36) prepared curves showing inward diffusion of carbon 
and reduced maximum content of pieces carburized in compound, 
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Fig. 6—Diffusion of Carburized Case 
(Bramley). 


then reheated in vacuum for various times and temperatures. Bram- 
ley (7) gives results of experiments with cases produced by carburiz- 
ing in CO saturated with toluene, then exposed to various tempera- 
tures for times equal to the carburizing period, with results similar 
to those of Day. Bramley noted several accompanying phenomena 
which may well be repeated. When pieces were reheated in still 
CO, a deposit of carbon was found in the cooler parts of the furnace. 
Reheating in dry H,, N,, and in vacuum all gave identical concentra- 
tion curves, and in all cases a slight surface film of carbon was 
observed. Fig. 6 shows carbon concentration curves for this series 
of experiments. In every experiment, the total amount of carbon 
decreased, and examination of Day’s data disclosed similar carbon 
loss. Obviously, inward diffusion continues as though carburizing 
were still proceeding, although of course the rate will decline as the 
gradient of carbon is lowered, and simultaneously carbon is evapo- 
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rating from the surface. Bramley found in fact, that in all cases the 
loss in weight was greater than the loss in carbon (as determined 
from area under the concentration curve). He was unable to explain 
this further weight loss; perhaps the presence of iron in soot de- 
posits in gas carburizing may be a clue to this loss. 

While the use of hydrocarbon gases such as natural gas will 
usually give a maximum carbon content of 1.20 to 1.35 per cent, this 
is considered to be too high for many applications. For this reason 
advantage is frequently taken of the simplicity and ease with which 
a diffusion period may be added to the gas carburizing cycle to reduce 
the surface carbon content to the desired level. If the hypereutectoid 
zone is so deep that several hours are required to diffuse the undesired 
excess, surface loss of carbon may result in formation of a decar- 
burized skin. 

A useful variation of this procedure is to admit carburizing gas 
intermittently. This process was described by Wilbor and Comstock 
(9), and patented by Guthrie and Wozasek (37). By this means 
diffusion to a reduced maximum carbon content may be continuously 
carried on, and the accumulation of interfering soot decreased or 
eliminated. As a further variation, the paper and patent disclose the 
injection of an oxidizing gas such as air, CO,, H,O, etc., during the 
interval when no carburizing agent is being admitted, thus consuming 
the soot deposit and assuring continuing carburizing. Using natural 
gas, with a cycle of gas on 3 min., no gas for 27 min., continuously 
repeated, a case having no hypereutectoid zone may be produced to 
any desired depth, and without the surface decarburization which 


may accompany a single long diffusion period after the conclusion of 
carburizing (16). 


CoNCLUSION 


By selection of carburizing gas medium and its regulation, cases 
of desired depth and characteristics are readily produced. Control of 
soot precipitation offers several problems and in most instances these 
have been successfully overcome. Satisfactory gas carburizing will 
depend largely on the gas medium, and the selection thereof is usually 
by empirical methods. 

The following will be the basic considerations in selection of 
a medium: 


1. All commercially available hydrocarbon gases will supply 
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more than enough carbon to give maximum carburizing. City gas 
may in some cases give unsatisfactory results due to variable content 
of carburizing agent, moisture, and carbon dioxide. 

2. Hydrocarbon gases will deposit soot if an excess, usually re- 
quired to give circulation, is used. The tendency to soot deposition 
is greater with increasing molecular weight. 

3. Soot formation may be decreased by holding the excess of 
hydrocarbon low, volume for circulation being obtained by addition 
of a noncarburizing or carrier diluent. 

4. Carburizing to carbon maxima below the austenite solubility 
limit may be performed by use of hydrocarbons diluted to lower car- 
bon equilibrium. 

5. Low carbon cases may also be produced by permitting the 
high carbon content previously formed to diffuse during one or more 
periods when no carburizing agent is supplied. 

The author wishes to acknowledge his debt to the many workers 
whose advice and comments are incorporated herein, in some cases 
perhaps without due credit, and particularly to R. J. Cowan, J. A. 
Dow, M. Lowe, H. W. McQuaid, and P. C. Osterman, for their kind 
suggestions and advice. 
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DISCUSSION 


Written Discussion: By Melville Lowe, metallurgist, Hevi Duty Elec- 
tric Co., Milwaukee. 

Mr. Williams has presented a very practical paper on the subject of 
gaseous media for carburizing. His.survey of the literature recalls many 
experiments that were conducted in the past. Commercial use of these find- 
ings was not made, principally because of the lack of suitable equipment. 
However, within the last ten years, there have appeared on the market several 
excellent machines for gas carburizing. These have been constantly improved 
until at the present day gas carburizing is practiced on a large scale, many 
plants doing their carburizing exclusively in this manner. 

We have done most of our development using hydrocarbon liquids. These 
liquids are dripped into the chamber that contains the hot charge. This 
volatilizes the liquid. The resulting gas is forced through the charge by a fan. 
The majority of the cracking of the hydrocarbon is done on the charge to be 
carburized; thus use is made of nascent carbon. 

The fan also recirculates part of the cracked gas, thereby diluting the 
rich incoming gas and preventing the formation of soot. 

We have not neglected the use of gases, both natural and bottled. In 
fact, our liquid carburizers were developed primarily for use where the city 
gas was unsuitable for carburizing media. Several installations are using 
natural gas direct from the city mains without preparation such as drying, etc. 

[ agree with Mr. Williams that gases containing a small amount of 
water—that is saturated at room temperature—have no effect on carburization. 
[ have investigated cases that showed evidence of large amounts of entrained 
water being carried into the furnace, causing the work to scale rather than 
carburize. These cases are rare, however. I have tried incorporating small 
amounts of water vapor in hydrocarbon liquids. No evidence of change of 
carburization rate was found due to this water vapor. 

Our tests agree very well with the results in Fig. 1. 
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We have used a number of hydrocarbon liquids in our experiments, among 
these Benzol (CsHe). This proved to be an excellent carburizer and agrees 
with Bramley’s results. 

Mr. Williams has stated in plain words the underlying principles of gas 
carburizing and his paper fills a long-felt want for available literature on 
this subject. 

Written Discussion: By John F. Wyzalek, chief metallurgist, Hyatt 
Bearings Division, General Motors Corporation, Harrison, N. J. 

The author has correlated data on gas carburizing in a very satisfactory 
manner. They represent a cross section of theories and opinions of many 
authorities on this subject. Although I feel unqualified to add my thoughts 
to this capable paper, a few remarks amplifying the author’s remarks might, 
in some small way, contribute toward a better understanding. 

I believe it should be registered that soot formation on product carburized 
is less objectionable when carburization is accomplished with work in motion, 
as is the case in revolving horizontal retort furnaces. Also, from a practical 
standpoint, as the author points out, some soot is desirable, not only to insure 
satisfactory carburization, but in many instances it is required to protect the 
surface of the product against oxidation in its removal from the furnace. 

It should be registered that excessive gas turbulence causing non- 
uniformity of carburization due to stratification is dependent somewhat upon 
the character of gas used in respect to its specific gravity. 

Our experience with high gas pressures indicates no practical increase 
in rate of carburization or carbon concentration as compared with atmos- 
pheric pressures. In actual practice usually a small amount of pressure is 
required only to insure against infiltration of objectionable gases and insur- 
ance of positive flow of carburizing gases. 

Written Discussion: By L. D. Gable and E. S. Rowland, The Timken 
Roller Bearing Company, Canton, Ohio. 

Mr. Williams is to be congratulated upon a most lucid and thorough 
discussion of gas carburizing media, so complete, in fact, that there is not 
much left to discuss. In general, our own experience bears out the important 
points discussed by the author. There are a few instances, however, where 
the author’s statements can be commented upon from a standpoint of amplifica- 
tion rather than from any idea of criticism. 

One cause of occasional insufficient penetration of carbon not directly 
mentioned by the author is accidental stoppage of gas supply. When using 
hydrocarbon gases in batch type furnaces, the gas outlets become plugged 
with soot unless care is taken to clean them periodically. 

The author states that the presence of soot is usually necessary to insure 
efficient carburization. It is the writers’ experience in their own practice, 
described elsewhere in this symposium, that a slight formation of soot in the 
retort is absolutely necessary for efficient operation. The author’s. statements 

in regard to the detrimental effects of large amounts of soot or coke in the 
retort have been confirmed by experiments of our own. 

While increasing the velocity of the carburizing gas does help to eliminate 
nonuniformity, it is the writers’ experience that better results are obtained at 
a medium rate of flow and slight pressure by adjusting the gas composition 





Ci 


gi 
gi 
ti 
by 


ze 
tic 


ab 


aft 
op 
Ciz 
ho 


in 


pa 
acc 
ple 
cas 
wil 
Cit 


of 


in 
oth 
e.g. 


typ 


pra 
mut 
inve 
exe 


poo: 
met 
to : 
cien 
free 
nont 


incr 


June 


umong 
agrees 


of gas 
ire on 


Hyatt 


factory 
- many 
oughts 

might, 


burized 
motion, 
ractical 
) insure 
tect the 
furnace. 
ig non- 
at upon 


increase 

atmos- 
ssure is 
d insur- 


Timken 


thorough 
‘e is not 
mportant 
r, where 
amplifica- 


- directly 
1en using 
: plugged 


to insure 
- practice, 
pot in the 
statements 
xke in the 


» eliminate 
btained at 
omposition 





19338 DISCUSSION—GASEOUS MEDIA FOR CARBURIZING 485 


than by using too high a velocity of gas of inadequate hydrocarbon content. We 
can confirm Daasch’s statement that maximum carburizing occurs only after 
a definite time at temperature of the gas. In our own experience with natural 
gas in vertical retorts, too high a gas velocity or insufficient baffling of the 
gas to allow proper heating before contact with the work causes low penetra- 
tion adjacent to the gas inlet. We believe this is due to cooling of the work 
by the gases and the accompanying deposition of soot. 

In our own plant we have tried gas pressures ranging from practically 
zero to 30 pounds per square inch and heartily agree with the author’s objec- 
tions to high pressures. When a gas of sufficient carburizing power is used, 
we believe that there is nothing to be gained by using pressures in excess of 
about 6 ounces per square inch. 

Mr. Williams states that if a diffusion period of several hours is used 
after the carburizing period, some decarburization may occur. It is our 
opinion that if the retort is properly constructed and maintained, no appre- 
ciable decarburization as measured by carbon analysis will occur after many 
hours. For sake of safety, however, we employ a 5-minute gas interval midway 
in the diffusion period when this period exceeds about 20 hours. 

Written Discussion: By J. A. Dow, engineer, Holcroft and Co., Detroit. 

Mr. Williams has presented here what seems to be the most complete 
paper that has yet appeared on this subject. Our experience has been in close 
accord with those observations given as Mr. Williams’ own, and it is a 
pleasure to note he has avoided theorizing. He has touched but lightly on 
case nonuniformity and the causes thereof. He concludes, “hydrocarbon gases 
will deposit soot if an excess, usually required to give circulation, is used.” 
Circulation is apparently necessary to produce uniform results in all parts 
of a retort or muffle. 

Case nonuniformity can be divided into two classes: First—A variation 
in the case obtained on two pieces located some little distance from each 
other in the furnace. Second—A spotty or nonuniform case on a single part, 
e.g., a gear. Mr. Williams’ conclusion refers to nonuniformity of the first 
type but flow, as he indicates, is not the cure-all. 

Most of the hydrocarbon gases now used for carburizing are for all 
practical purposes chemically pure, and in breaking down in the furnace 
muffle form not more than two gases—methane and hydrogen. The reactions 
involved are therefore very simple and can, for purposes of discussion, be 
exemplified by the one equation— 


CH. = C + 2H: 


With reference to the above equation, there can be only two reasons for 
poor carburizing: Methane concentrations too high causing heavy soot, and 
methane concentrations too low. The problem of flow resolves itself down 
to maintaining sufficiently high concentrations at the gas outlet and suffi- 
ciently low concentrations near the gas inlets. With such a gas, ie., one 
free of decarburizing agents, we have never heard of any complications or 
nonuniformity caused by a high flow except that resulting from soot deposits. 
Mr. Williams has described a number of diluent gases designed to 
increase flow or circulation in the furnace muffle without concurrent soot 
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deposit. Most of the diluent gases described contain or form high percentages 
of decarburizing agents. A gaseous mixture is, in this case, fed into the 
muffle with one set of gases—the hydrocarbons in concentration tending to 
carburize, and with another set of gases—carbon dioxide and water vapor— 
working actively in the opposite direction. 

Mr. Williams also states that in the passage of such a gas mixture 
through the muffle the decarburizing agents disappear. The result is there- 
fore gaseous mixtures in the muffle of widely varying analyses at different 
points, between the gas inlet and outlet. With such a mixture, flows must 
be carefully regulated, or rather restricted to prevent serious nonuniformity 
from piece to piece in the muffle. With flows too high, decarburizing agents 
will appear in the outlet gases—an almost invariable indication of poor 
carburizing. 

With gases involving the simple chemistry first discussed, we have never 
experienced this latter type of nonuniformity. 

The other class of nonuniformity is variation in the case on a single 
piece. This may be from one of two causes. 

First—An excessively rich gas will deposit a cokey soot and protect the 
surface of the steel from further gas action. The cure for this is obvious. 

The second type of case variation that may occur on a single piece 
becomes apparent on parts having holes or recesses such as the root of a 
gear tooth. This type of nonuniformity is due to the unequal scavenging of 
the spent gas from protruding and recessed surfaces, and will always exist 
irrespective of type and velocity of circulation. 

The only cure for such a condition within our experience has been to 
increase the available carbon per unit of volume in the muffle gas. By so 
doing, less frequent scavenging is required and a uniform case will result. 
The cleanest work will be obtained if most of the available carbon in the gas 
be present as methane, since the relative stability of methane permits high 
concentrations without the deposit of any soot. If the muffle gas be suff- 
ciently rich in carbon this type of nonuniformity seems, in our experience, 
to be independent of flow. 

We would like to add at this point that the most nearly perfect diluent 
gas we have yet found is the partially spent, decarburizing-agent-free, but 
still methane-rich, gas which comes from the muffle of a gas carburizing fur- 
nace. ‘This gas need only be slightly enriched by additional hydrocarbon and 
shot back into the furnace. 

This method has been recently developed and successfully applied com- 
mercially by us, and is being described more fully later in this symposium. 

Written Discussion: By J. A. Comstock, metallurgist, Illinois Tool 
Works, Chicago. 

The author’s review of published data pertaining to gas carburizing, to- 
gether with his own analysis and experience, will undoubtedly serve as an 
excellent guide for anyone wishing to survey the many ramifications of this 
modern art. 

From a practical standpoint perhaps the most interesting and productive 
observations are those pertaining to the use of gas atmospheres (1) for con- 
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tinuous carburizing and (2) for controlling the carbon concentration for a 
given case depth. 

The relatively small volume of gas capable of being generated by solid 
carburizing compound, together with its bulk and cost, as well as mechanical 
problems in handling it in process, have effectively precluded the development 
of continuous carburizing methods using solid carburizing compounds. All of 
these objections have been pushed aside by the advent of gaseous media for 
carburizing. Full muffle carburizing units with car bottoms, conveyors, recipro- 
cating hearths, and spiral ribbed revolving retorts, are everyday examples of 
this development which does a better job of carburizing at lower cost than 
pack carburizing. 

The author concludes that carburizing to carbon maxima below the 
austenite solubility limit may be performed (1) by use of hydrocarbons diluted 
to lower carbon equilibrium, and (2) by permitting high carbon content previ- 
ously formed to diffuse during one or more periods when no carburizing agent 
is supplied. 

The writer should like to add a third method which has commercial applica- 
tion on small parts requiring very uniform light case of eutectoid or hypoeutec- 
toid composition. The essential feature of this method is very accurate control 
of the carburizing time factor made possible by the use of continuous gas 
carburizing methods, especially those permitting a continuous change in the 
relative disposition of the work in transit such-as is accomplished in a revolving 
spiral ribbed retort. By regulating the revolving speed of the retort the time 
in transit through the heating up and carburizing zones of the retort may be 
controlled to a fraction of a minute so that the surface of the work being 
treated may never reach carbon concentration in equilibrium with the gaseous 
carburizing medium. If the gaseous carburizing medium is balanced to afford 
a desirable flow without excessive soot deposition, and if the temperature is 
accurately controlled at a level which will produce the required depth of case 
in the time necessary to produce the required carbon concentration, then ex- 
tremely uniform results will be obtained entirely outside the realm of possibility 
with solid carburizing compound. A typical example is the carburizing of 
screws which must have a thread case of 0.008 to 0.010 inch and a carbon 
concentration of about 0.60 per cent. Such a commercial installation was 
described by the writer in Metal Progress, “Continuous Carburizing of Screws 
With City Gas.” 

Written Discussion: By P. C. Osterman, vice-president, American Gas 
Furnace Co., Elizabeth, N. J. 

Mr. Williams is to be highly complimented for his thorough and interesting 
presentation of this subject. His scientific background and his very considerable 
practical experience gave assurance of a presentation of just such excellence. 

Mr. Williams’ conclusion and his points for consideration in selecting a 
medium should prove an adequate guide in the subject of gas carburizing. 

This is a subject upon which much scientific study has been focused. The 
process in its simplest form requires the careful control of a number of pos- 
sible variables, if quality work is to be achieved. The variables increase con- 
siderably in number with any of the more complex gas carburizing processes. 

In many theories much use has been made of the term “nascent.” Nascency 
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of certain constituents is accepted as being very vital to the success of some 
types of surface hardening—such, for instance, as nitrogenizing; but it is 
thought that we shall come to the belief that nascent carbon, in the true sense 
of the word, is not vital to successful gas carburizing. 

As Mr. Williams very well indicates in the body of his paper and in his 
concluding points, carbon concentration in the gas must be in excess of 
equilibrium ratio. It follows then, if it be attempted to avoid soot formation 
entirely, at least in the present state of our knowledge the process would require 
such hair-line control, that any slight downward fluctuation in temperature, in 
gas analysis, or in gas flow, etc., would result inferiorly, or perhaps in com- 
plete failure of the operation. 

With reference to diffusion of the cases produced by very active gases, it 
is believed that when we know more about dilution of these gases we will 
develop gas mixtures which will be so regulable in potency as to make un- 
necessary the time-consuming diffusion periods, sometimes practiced at the 
end of the carburizing periods, and which also will permit the ready control of 
the process that is now possible in its simplest form. At present, in certain 
gas carburizing processes, diffusion can be effected by simply reducing the 
gas flow during the later part of the carburizing period. 

For shallow cases particularly, it is necessary to moderate the speed of 
penetration of the more active gases to control the depth of carburization to the 
desired degree of uniformity. 

It is gratifying to note among Mr. Williams’ references the name of A. W. 
Machlet. It comes to mind that in most references insufficient emphasis is 
given to the credit that is due Machlet for his pioneering in gas carburizing 
processes, and equipment for their ready practice. His work, his many patents, 
and the resultant large scale gas carburizing installations in successful opera- 
tion here and abroad were published editorially in the technical press” as early 
as 1908, i.e., seven years prior to the publication in 1915 of Giolitti’s book, 
“Cementation of Iron and Steel.” This book contained information gained from 
Machlet’s previous work. 

In this connection it should be mentioned that Giolitti misunderstood a 
deliberate attempt to obtain a sharp line of demarcation between case and core 
as a limitation of the Machlet gas carburizing process. This sharp line of 
demarcation was produced deliberately to permit photos taken by the plant 
photographer to more clearly illustrate the depths of cases obtained for the 
different carburizing times. 

Giolitti’s book is mentioned merely because it is most frequently cited in 
the usual references. 

A comparison of present day results, by whatever process of gas carburiz- 
ing, with the work of Machlet published in the technical press nearly 30 years 
~~ 2B F, Lake, ‘‘Case Hardening Steel with Gas,”” American Machinist, Feb. 20, 1908. 

E. F. Lake, “Steel and Its Uses,” American Machinist, March 26, 1908. 

J. F. Springer, ““The Gas Process of Case-Hardening,” [ron Age, May 28, 1908. 

Editorial, ‘‘Case Hardening by Gas,” Iron Age, May 28, 1908. 

}: F. Springer, “Modern Methods of Case Hardening,” Cassier’s Magazine, June 1908. 


. F. Springer, ‘““The Gas Process of Case-Hardening,” Engineering Magazine, August 


1908. 

P. C. Osterman, “Case Hardening by Gas,” Industrial Engineering, September 15, 1909. 
Editorial, “Reports and Discussion on Case Hardening at the Railroad Blacksmiths 

Convention,” American Machinist, September 23, 1909. 

E. F. Lake, Book: ‘‘Composition and Heat Treatment of Steel,’”” McGraw-Hill, 1911. 
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ago will be found highly illuminating to earnest searchers. This pioneer is 
still active and we hope soon to hear from his latest achievements in gas 
carburizing. 

It is hoped that Mr. Williams will continue his interest in this subject of 
gas carburizing and that we all may have the benefit of his further observations 
and disclosures. 

Written Discussion: By Prof. H. L. Daasch, Iowa State College, 
Ames, Iowa. 

The author has made an admirable survey of the available literature and 
data on carburizing. A student of the subject may profitably study this con- 
cise yet thorough digest. 

On page 465 one is led to the conclusion that “Since the maximum 
absorption rate is fixed for a given temperature, pressure and type of steel and 
the rate of penetration with time is limited by the diffusibility characteristic 
of carbon in the given steel—it is obvious that there is a maximum carburizing 
rate which cannot be exceeded regardless of the activity of the medium under 
a given set of conditions.” 

This conclusion is true only on the premise that carburizing gases do not 
diffuse and then promote carburizing reactions at subsurface locations. In 
other words, the premise indicates that equal carburization will result when- 
ever surface reactions provide for maintenance of a fixed carbon content of 
the steel at the steel surface layer. Fig. 4, curves C, D, and E ( from Bramley), 
shows a condition whereby equal surface concentrations of carbon are secured 
with widely different carbon gradients and carbon weight increases. 

The reports of Ryder,” Takahashi,” Fishel and Woodell, must be con- 
sidered in discussions of the diffusion of carburizing gases. These reports, with 
the work of Bramley quoted by the author, suggest the need of further evidence 
in connection with statements which limit carburizing to surface reactions. 

The question of surface or subsurface action is provoked again by the 
author’s remarks under “Pressure,” on page 474. While we may agree on 
the effect of pressure on the stability or decomposition of the carburizing 
gases, one is also concerned with the statement that pressure has no other result. 
We may consider the reaction: 

3 Fe + 2 CO S$ FeC + CO: 


which is fundamental to graphitization as well as carburization. It is well 
known that pressure differences will influence the graphitization process—a 
subsurface phenomenon. The question of why pressure should not influence 
the reverse reaction during carburization may be asked. 

The writer agrees that high pressures create mechanical difficulties. He 
has, however, used 15 pounds per square inch pressure on a number of com- 
mercial units of both stationary and rotary types. Heavy asbestos gaskets, 
both dry and impregnated with sodium silicate upon initial application, were 
used. Improved economy warranted the high pressure process with attendant 
difficulties. 


The erratic nature of “city gas” has been experienced by the writer. It is 


@H. M. Ryder, Electric World, Vol. 17, p. 161. 
N - Takahashi, Science Reports, 1st series, Tohoku Imperial University, Vol. XVII, 
ING. 


: uW, P. Fishel and John F. Woodell, Transactions, American Society for Steel Treat- 
ing, Vol. 11, p. 730 
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interesting to note that such gas proved “erratic” in the stationary type of 
carburizing units. On the other hand, satisfactory results were secured in 
rotating units. All units were operated side by side under identical conditions 
of load material, gas, temperature and pressure. The elimination of stagnant 
pockets in the rotating units seems the answer. As indicated in discussion of 
Cowan’s” paper, the effect of “time of gas at heat” seems quite important in 
connection with gases of this type. 

The writer has carried out some experiments in the field of gas humidity 
control. After a careful check during a twelve months’ period of commercial 
operation of a battery of stationary carburizing retorts, he has~-come to the 
conclusion that gas humidity is important just as a technical study of equilibrium 
would indicate. The “erratic” results ascribed to city gas are not thus elimi- 
nated however. The problem of controlling the actual time that the gas is sub- 
jected to heat is not minimized by such humidity control. 

While not wishing to appear to hold any brief for “city gas” as a car- 
burizing agent, the writer would question day-to-day variation of such gases 
as the most important cause for complaint. Rather, the failure of such gas 
might be ascribed to greater sensitivity to heat effects—such sensitivity possibly 
being traceable to the large number of components of such gases. 

One may be slightly uncertain about the role of solid carbon in gas car- 
burizing. The present writer would, in general, agree with the statements on 
page 472 concerning the formation of soot during commercial gas carburizing 
processes. Yet, if carbon is to be assigned an active part in solid carburizers, 
as noted on pages 470 and 471, can we easily relegate carbon soot as of “no 
beneficial action in gas carburizing”? 

The complexity of the reactions involved in gas carburizing and the 
empirical approach noted by Mr. Williams is suggested by the following 
laboratory test: 

A city gas of the following composition : 


was used and in a duplicate test the same gas was passed through Ascarite 
mixture whereby the CO: was reduced to 1.4 per cent. Both tests were made 
at 1700 degrees Fahr.; carburizing time was three hours. S.A.E. 1020 steel 
was used. 


Results were: 
CO; Maximum Carbon Case Depth Case Depth 
in Effluent at at at 
Gases Steel Surface 0.50 Per Cent 0.30 Per Cent 


Per Cent Per Cent Carbon Carbon 
City Gas 5.9 1.36 0.035 in. 0.050 in. 
City Gas with 


Reduced CO, ~=—s:11.0 1.25 0.025 in. 0.038 in. 


It will be noted that there are several points of exception to generalizations 


15R. J. Cowan, Transactions, American Society for Metals, Vol. XXV, p. 843. 
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developed in the paper. These include improved carburization with increase in 
unfavorable CO: ratio, failure of low CO: to be appreciably lowered by interac- 
tion with hydrocarbons, soot formers, or soot; high carburization in spite of 
high exit COs, higher carbon content in spite of CO: diluent effect. 

Gas carburizing is accomplished by reactions and under conditions which 
result in changes in the carburizing medium. A mechanized and continuous 
process quite obviously can be adjusted so that each carburized part will be 
passed through a definite cycle in respect to the contact of the gases. Conversely, 
in view of what has been outlined in the paper presented, it might be said that 
a batch type carburizing process requires a gaseous medium whereby the 
minimum changes are involved in the gas itself. 

Written Discussion: By FE. O. Mattocks, assistant eastern repre- 
sentative, Phillips Petroleum Co., Philgas Department, New York City. 

Mr. Williams is to be congratulated on the excellent manner in which 
he has correlated theoretical results given in literature, with present-day practice. 

One of the greatest requirements today for a gaseous media appears to be 
its uniformity and reproducibility. Once the correct mixture is established, 
little attention should be required to keep the mixture and it should be easy to 
secure this analysis at any time. To do this requires a constant quality car- 
burizing gas with a high purity. 

The large number of accepted methods of securing the correct carburizing 
medium is not all due to the idiosyncrasies of metallurgists entirely. For 
example, it appears possible to employ undiluted propane in a rotary carburiz- 
ing furnace without objectionable carbon deposits but with a vertical carburizing 
chamber this carburizing gas must be diluted to some extent, generally with air 
or by-products of incomplete combustion. The agitation of the rotary carburizer 
may be the reason for the difference between them. 

Can the author of this paper offer any suggestions as to the reasons for this 
difference ? 

Oral Discussion 


J. F. Wyzatex: In observing the diagram, the one before the last, I wish 
to register our own practical experience confirming more or less the data 
presented. We find in rotary carburizing retorts, where I registered in my 
written discussion a soot formation is less objectionable, the proportion of one 
part of propane to two parts of air, seems to be most effective, which is indicated 
on that diagram at about 35 per cent. On the other hand, in stationary batch- 
type furnaces somewhat lesser proportion of propane is desirable, in the neigh- 
borhood of about 25 or 30. 

H. T. Morton:” I think Mr. Williams has done a nice job in his paper 
in comparing the different gas carburizing mediums, but I wish to discuss the 
matter of hydrocarbon carburizing. We have had experience in butane and 
propane carburizing. Our experience with butane was not very favorable, due 
to the high amount of carbon deposited within the rotary furnace. For that 
reason we changed to the propane and have been using it without the addition 
of air or gas, in other words, using raw propane. We have not had as great a 
soot formation as has been suggested here today. A slight amount, as Mr. 
Wyzalek has mentioned, is advantageous in a rotary furnace. The big item 
~~ ‘18Metallurgist, Hoover Ball and Bearing Co., Ann Arbor, Mich. 
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is the matter of having the work at temperature (1600 degrees Fahr. minimum) 
at the initial opening of the valves to start the gas carburizing operation. 

I might say that the actual speed of carburizing is very much similar to 
the curves Mr. Williams has shown, but the point I wish to make is that the 
dilution with air adds variables of moisture, nitrogen, oxygen and other variables 
which may cause more trouble than using the raw gas. The important thing is 
to keep the pressures down to the point where you do not get too high an 
amount of soot, and secondly, allow time during the carburizing period for 
diffusion of the carbon so as not to get too high per cent of carbon in the case. 


Author’s Reply 


The author is grateful to the several discussors for their kind remarks, 
He is only too conscious of the shortcomings of this paper, and therefore espe- 
cially appreciates the confirmation given by these men who represent a far 
greater breadth of experience. 

Several of the points brought up have to do with specific types of equip- 
ment, which the author felt to be outside the scope of the paper. Mr. Wyzalek 
does well to remind us that soot is less damaging when tumbling continually 
removes it from the surface, but drilled holes, etc., may be so filled with soot, 
if coke-like, that carburizing is hindered. Also, as suggested, soot may be 
helpful in protecting steel surfaces from oxidation when discharged. The 
author has made use of this by deliberately sooting work with a very high gas 
flow at the end of a cycle; success was not complete, however, because upward 
chimneying of air tended to cause scaling on bottom surfaces, while the soot 
tends to be on top surfaces. 

The discussion by Gable and Rowland reminds us that failure of gas supply 
will cause shallow cases if of long duration. We agree also that soot appears 
in practice to be a necessary concomitant of successful operation. What is re- 
quired is incipient soot formation; as brought out by Mr. Osterman, a fine 
precision of control is necessary to give soot-free maximum rate carburizing. 
Osterman refers to “time-consuming diffusion periods.” It must be remembered 
that time given to diffusion is not lost; in fact up to 50 per cent of the original 
carburizing time, it gives added penetration (case depth) practically as great 
as though carburizing gas were being supplied. The author sincerely agrees 
with his remarks about A. W. Machlet. Had retort materials of present quality 
been available in 1910, gas carburizing would have had a far longer commercial 
record. This is well shown by Gable and Rowland’s interesting historical dis- 
cussion in their paper in this symposium. 

Mr. Lowe’s remarks elaborating on the use of liquid media and effect of 
moisture are appreciated but require no reply. 

We thank Mr. Comstock for his valuable discussion of what might be called 
“controlled work velocity” carburizing. This is, however, probably useful only 
for shallow cases, but occupies an important place there. 

Professor Daasch points out that gradient and total weight increase in 
carburizing may vary while maximum carbon and total penetration vary This 
appears to be true in Bramley’s and other work, but the author can suggest no 
reason beyond that offered by Daasch. The chart discussed refers to penetra- 
tion only, and appears to be a good working basis for commercial work. 
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FACTORS GOVERNING SELECTION OF TYPE OF 
CARBURIZED CASE 


By A. L. BoEGEHOLD aAnp C. J. ToBIn 
Abstract 


This paper discusses the way in which various types 
of stresses imposed upon automotive parts are taken into 
consideration in determining the kind of case required to 
provide successful operation in service. These stresses 
are the result of crushing loads, bending loads and of 
sliding, rolling and abrasion. The influence of the shape 
of the part and surface imperfections in producing stress 
concentrations are discussed with the aid of Woodvine’s 
diagram. 


T IS the purpose of this paper to discuss the considerations govern- 

ing the depth of case selected and the concentration of carbon 
desired at the surface of a case carburized article. Due to the authors’ 
familiarity principally with automotive case hardening practice, the 
paper will be limited to that phase of the subject. In referring to 
case depth, general descriptive-terms such as thin, medium and 
heavy are used to designate the approximate degree of carbon pene- 
tration. The writers prefer to classify cases as found in the pas- 
senger car field of the automotive industry as follows: 


Dn dicue aks ess Up to 0.020 inch total penetration 
DE onc os Mae cses 0.020 to 0.040 inch total penetration 
Medium Heavy ...... 0.040 to 0.060 inch total penetration 
MES Ne-5 0x54 « cea Over 0.060 inch total penetration 


Table I shows typical applications of cases falling within these four 
classifications with a brief description of the surface condition of 
the parts at the time of treatment and the requirements to be satis- 
fied. In connection with the surface condition, the term semi-fin- 
ished is used to designate parts that require finish grinding after treat- 
ment and which are therefore heat treated in a machined or rough 
ground condition. 


A paper presented as part of the Symposium on Carburizing presented at 
the Nineteenth Annual Convention of the American Society for Metals held in 
Atlantic City, October 18 to 22, 1937. Of the authors, A. L. Boegehold is Head, 
Metallurgical Department, General Motors Corp., Research Laboratories Divi- 
sion, Detroit, and C. J. Tobin is Assistant Head, Metallurgical Department, 
General Motors Corp., Research Laboratories Division, Detroit. 
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Thin Cases (Up to 0.020 Inch). Surface hardening of steel is 
accomplished in various ways principal of which are nitriding, cyanid- 
ing and carburizing. Surface hardness is provided in order to improve 
wear resistance, load carrying ability and resistance to reverse bend- 
ing stresses. The extremely high hardness of a nitrided case is 
accompanied by improvement in corrosion resistance. In connection 
with thin cases, one has a choice of five different methods of surface 
treatment, namely—cyaniding, liquid bath carburizing, nitriding, gas 
and pack carburizing. 

Sodium cyanide baths have been used for cases up to 0.008 to 
0.010-inch depth although they are not favored in production for 
cases beyond 0.003 to 0.005-inch depth. Cyanide cases are used 
largely on low carbon steels with the concentration of sodium cyanide 
in the bath varying from 18 to 30 per cent. High surface hardness 
with correspondingly high wear resistance is obtained by a cyanide 
treatment and the low carbon parts thus treated are used in applica- 
tions involving comparatively light unit loads. The light case obtained 
by cyanide treatment makes it necessary to finish the parts completely 
before treatment. One particular advantage of the cyanide treat- 
ment is that work comes out of the bath essentially as clean as before 
treatment. 

Cyanide baths have also been used in connection with the harden- 
ing of higher carbon materials, particularly transmission parts such 
as gears and mainshafts of 0.35 to 0.50 per cent carbon alloy steels. 
Much of this work was treated in cyanide to preserve the finish of 
the surface, free from scale or decarburization, and improved wear 
resistance was obtained incident to the use of cyanide baths as a 
heating medium. Recently, greater emphasis has been placed on the 
improved wear resistance possible from treatment of transmission 
parts in a cyanide bath as a result of which the concentration of the 
bath is maintained on the high side of the 18 to 30 per cent range and 
a case of 0.003 to 0.005 inch obtained. The case at the surface after 
such treatment will analyze approximately 0.60 per cent carbon and 
0.50 per cent nitrogen. 

During the past few years liquid carburizing baths have become 
rather popular as an economical means of obtaining thin cases, 
especially on small parts. These baths are more accurately classified 
as activated cyanide baths. In addition to giving much faster penetra- 
tion, they yield higher carbon and lower nitrogen concentration at the 
surface. Carbon concentrations of slightly higher than eutectoid com- 
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position are possible from activated cyanide baths and the nitrogen 
content may be as high as 0.30 per cent in some instances. The use 
of activated cyanide baths is not restricted to light cases and there 
are many applications involving small parts where they are used for 
cases up to 0.040-inch depth. They also have the advantage of pro- 
ducing clean work. Small plants have found activated cyanide baths 
desirable for treatment of comparatively large as well as small work, 
especially where the volume of work is not great enough to justify 
gas or pack carburizing equipment. 

Nitriding is little used in the automotive industry. Water pump 
shafts are about the most common application. These are usually 
nitrided to meet a minimum case specification of 0.006 to 0.008 inch. 
There have been other applications where the minimum requirement 
was somewhat deeper. Nitriding is the only method of surface 
hardening commonly used that results in definitely improved corro- 
sion resistance. The extreme hardness possible from nitriding also 
results in a case of superior wear resistance. However, a nitrided 
case offers little resistance to shock loading. With applications involv- 
ing fairly high unit crushing loads, it can only be used when sup- 
ported by a core of high hardness... As a result we find nitrided cases 
in a number of Diesel engine injector parts in connection with expen- 
sive high alloy steels that maintain their high hardness after pro- 
longed heating at the nitriding temperature. These materials are of 
such cost as to definitely limit their application for nitriding. Nitrided 
work is also very clean. If the nitrided surface is provided for pro- 
tection against corrosion or erosion, it is preferable to use the sur- 
face as nitrided. If provided for protection from abrasion, it is 
advisable to grind off about 0.001 inch in order to realize maximum 
wear resistance. By honing or lapping, the amount removed can be 
reduced to 0.0002 or 0.0003 inch. Some improvement in corrosion 
resistance is retained even though the skin has been removed. 

Where the unit compressive load applied to a carburized part 
is such that a case on the high side of the thin case range is selected, 
either gas or pack carburizing is most commonly used, especially if 
the work is of appreciable size and the quantities involved are great. 

One of the most recent developments in the automotive industry 
has been the replacement of a sodium cyanide bath treatment for 
transmission parts of 0.35 to 0.45 per cent carbon alloy steel by a gas 
carburizing treatment which yields a case of 0.005 to 0.010-inch depth. 
In this particular instance the gas used is of special composition and 
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a surface carbon content of eutectoid or slightly higher concentra- 
tion is obtained. Equally as good wear resistance as with the cyanide 
case seems to follow the use of this treatment together with greater 
load carrying capacity and greater resistance to alternate bending 
stresses such as are present in all gear teeth in operation. The gas 
carburized surface layer is also considered superior to a cyanided 
surface in resistance to shock loading. 

Experiments are in progress on ring gears and drive pinions of 
0.30 per cent carbon alloy steels similarly gas carburized to a depth 
of 0.010 to 0.015 inch and the results to date show considerable 
promise. These are examples where a light case is used principally to 
provide high surface hardness to resist wear while depending chiefly 
upon high core hardness backing up the light case to resist high 
compressive loads. 

In addition to the time saved in the carburizing operation, this 
practice appears to result in certain definite savings in machining 
costs. A number of metallurgists feel that definite machining 
advantages attend the use of higher carbon content alloy steels for 
carburizing purposes. They claim that their experience indicates 
that it is possible by suitable normalizing or annealing treatment to 
render practically all alloy steel of 0.30 to 0.35 per cent carbon con- 
tent more machinable than the conventional carburizing grades of 
the same alloys. It is also their opinion that except for turning oper- 
ations the machinability of alloy steels improves with increase in car- 
bon content up to the point where appreciable air hardening tendencies 
are encountered. This usually occurs when the carbon content ex- 
ceeds 0.40 per cent and necessitates special normalizing or annealing 
treatment rather than a simple treatment to obtain best possible 
machining properties. 

Medium Cases (0.020 to 0.040 Inch). Low carbon steel parts 
that fall within this classification are those which require a finish 
ground surface after heat treatment. They are heat treated in the 
machined or rough ground condition and finish ground after treat- 
ment. Wear resistance appears to be the primary requisite for these 
parts and one of the main reasons for their greater depth of case is 
to insure sufficiently high hardness and wear resistance after the 
grinding operation. There are, of course, some exceptions-—notably 
Pitman arm ball studs and intermediate steering arm ball studs that 
are finished before treatment except for a final polishing operation. 
Except in the case of such parts as are finished before treatment, 
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cleanliness of surface is not of special importance. The bulk of work 
treated to 0.020 to 0.040-inch depth is gas or pack carburized. How- 
ever, a considerable volume of smaller parts is now being treated to 
this depth in activated cyanide baths. 

In this classification we also find the comparatively new produc- 
tion practice of carburizing transmission gears, ring gears and drive 
pinions of 0.25 to 0.35 per cent carbon alloy steel to a somewhat lesser 
depth than is the practice in the same applications with lower carbon 
alloy steels. An alloy steel of 0.25 to 0.35 per cent carbon is pur- 
chased due to the economic advantages of purchasing on a 10-point 
carbon range. That material which runs from 0.30 to 0.35 per cent 
carbon is used in transmission gears which are quenched direct from 
the carburizing heat after carburizing to a depth of 0.030 to 0.035 
inch. A core hardness at the pitch line of the teeth of about 42 to 47 
Rockwell C is obtained. The 0.25 to 0.30 per cent carbon material 
is used in drive pinions and ring gears which are direct quenched 
after carburizing to a depth of 0.035 to 0.40 inch with a resulting 
core hardness at the pitch line of the teeth of about 37-42 Rockwell 
C. Commercial practice in the case of heavy duty transmission gears 
as well as ring gears and drive pinions is to use an alloy steel of 
0.13 to 0.23 per cent carbon and carburize to a depth of 0.040 to 
0.060 inch. The use of this higher carbon material therefore per- 
mits definite savings in carburizing time as well as machining costs 
since this manufacturer has determined that this particular alloy steel 
is more readily machinable in the 0.25 to 0.35 per cent carbon range 
than in a lower carbon range. 

In view of the relatively high core hardness possible with this 
material, it would not be at all surprising if subsequent experiments 
should show that the depth of case on both transmission and rear end 
gears could be decreased to approximately half of the present range. 

Medium Heavy Cases (0.040 to 0.060 Inch). There are two defi- 
nite classes of low carbon parts falling within this classification. In 
one group are such parts as piston pins, steering knuckle pins, side 
pinion axles, reverse idler gear shafts and counter gear shafts. These 
parts are treated in a machined or rough ground condition and are 
finish ground after treatment. Operation in bronze bushings is 
very common although needle bearings are used in similar applica- 
tions and wear resistance is therefore a most important requirement. 
Resistance to comparatively high unit loads is also important in order 
to avoid Brinelling in service as is resistance to alternate bending 
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stresses. In the case of steering knuckle pins, resistance to suddenly 
applied or shock loads is an additional requirement in order to mini- 
mize the possibility of damage from hitting curbs. 

Fortunately, the design of these parts is such that, in providing 
for resistance to alternate bending stresses, it is not necessary to 
allow for stress raisers of anywhere near the magnitude inherent in 
gear teeth. It is also common practice in connection with such parts 
as knuckle pins, side pinion axles, reverse idler gear shafts and 
counter gear shafts to carburize deeper than would appear necessary 
to satisfy service requirements. This is done to reduce the degree 
of accuracy to which it is necessary to straighten the parts after 
hardening and at the same time insure sufficient case over the entire 
surface after grinding to satisfy these requirements. 

The other parts that have been included in the medium heavy 
classification of surface treatment are in general finished before 
carburizing except for a lapping operation in some instances. The) 
are usually made from alloy steels of 0.13 to 0.23 per cent carbon. 
This group includes such parts as drive pinions, ring gears, trans- 
mission gears, differential side gears and side pinions. Drive pinions, 
ring gears and heavy duty transmission gears present about our most 
serious problem with respect to the requirements to be satisfied. 
Chief of these requirements is a very high order of wear resistance 
against sliding, rolling or friction of an abrasive nature. Crushing 
loads of an extremely high order of magnitude must be successfully 
withstood as well as extremely high alternate bending stresses. 

The notch effect at the base of gear teeth introduces stress multi- 
plication that cannot be avoided. This condition is further aggra- 
vated by tool marks, scratches or other surface imperfections in the 
fillets. As a result of many years of experience, it has been deter- 
mined that a depth of case on each side of a gear tooth equivalent to 
1/5 to 1/6 of the width of the tooth at the pitch line is in most 
instances a very safe rule to follow. 

In discussing the bending stresses to which a gear tooth is sub- 
jected, the diagram, Fig. 1, is frequently cited. This is a slight 
modification of a diagram first advanced by Woodvine.* It shows 
the maximum stress in a round bar, tested in bending, from surface 
to neutral axis plotted as the line O.A. The minimum depth o! 
case which may be used to satisfy the bending stresses involved may 


*Woodvine. “The Behavior of Case Hardened Parts Under Fatigue Stresses,’ Ire 
& Steel Inst., Carnegie Scholarship Memoirs, Vol. XIII, 1924, p. 197-237. 
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he determined from this diagram. The ordinate of the line AA, 
(120,000 pounds per square inch) represents about the maximum 
endurance limit value obtained on commonly used carburized alloy 
steels.+ Core hardness values of 280 and 370 Brinell, respectively, 
at the tooth root diameter have been obtained on 2315 and 2515 drive 
pinions. These values are indicative of core tensile strength values 
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™ of about 140,000 and 180,000 pounds per square inch, respectively, 
. ® for 2315 and 2515 steels at the part of the tooth where bending 
ig op . . . » . . . ~ 
‘ = stresses are highest. Assuming a fatigue endurance limit of 50 per 
m cent of the tensile strength, we find 2315 steel of 280 Brinell to have 
= an endurance limit of 70,000 pounds per square inch and 2515 of 
1- Bs "9 »_* ° . e , 
3/0 Brinell an endurance limit of 90,000 pounds per square inch. 
a- i on ° ° e - - ° ° 
In Fig. 1 the endurance limit of a 2515 core is designated by the 
ne 4: ; ' . 
ordinate of the line BB, and that of a 2315 core by the ordinate of 
line CC, 
to . ° ; - 
On this basis, in order to use the full endurance value of a 
St i . a . ; ‘ 
carburized surface 0.150 inch from the neutral axis as well as the full 
: = endurance value of the core, a case depth of about 0.0375 inch repre- 
h sented by AA, is necessary for the material of 90,000 pounds per 
Nt ai eee ina a 
| square inch core endurance limit and about 0.0625-inch case depth on 
ws , ees — ; a 
= the material of 70,000 pounds per square inch core endurance limit. 
ice -— TT 64s : ps : . ; 
ie Uhe fatigue resistance of the carburized piece 1s represented by the 
ol lq \ - “a ~ ra _ , 
ine AA, BB, for 2515 steel and AA.C,C, for 2315 steel. 
ay , , 


ind Boegehold, ‘‘Rear Axle Gears: Factors Which Influence Their Life,” Pro- 
\merican Society for Testing Materials, Vol. 35, Part II, 1935, p. 99-146. 
_ i Vv. McQuaid, “Selecting the Proper Hardening Treatment,’’ Metat Procress. 
: 3, March 1935, p. 25-30 
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The merits of this method of assuming a uniform decrease jy 
stress from surface to center for the purpose of determining ¢ase 
depth on a part subjected to bending stresses are open to question, 
If of any value at all, it should be useful only in connection with a 
part free from stress raisers. McMullan* reports that from this type 
of diagram, “it might be expected that increased case depth and 
increased core hardness would give increased load carrying capacity.” 
Yet he reports more exceptions than agreements with this assumption 
in the case of simple transverse specimens. 

McQuaid emphasizes that this type of diagram applies only in 
the absence of internal stresses and can, therefore, be used only ip 
connection with double treated carburized parts and then with caution 
He further states that, “it does explain the common failure by flaking 
when a case is thin and indicates the remedies,” and says that flaking 
of thin cases is due to fatigue in the gradation zone underneath the 
case and that failure works from the inside out rather than from the 
surface in. 

Woodvine discusses a type of failure originating in the grada 
tion zone in connection with fatigue test specimens and shows a 
fractured specimen with a small circular area located practically at 
the junction of the case and core. “Examination of the fractur 
indicated quite clearly that failure had commenced at this point and 
had spread slowly (as shown by the very smooth surface of the small 
circular area). After a certain period had elapsed, however, th 
crack appears to have extended very rapidly, indeed—so rapidly, 1 
fact, that the fractured surfaces were scarcely injured by rubbing.’ 
Similar failures have been observed in connection with our study of 
the fatigue characteristics of different materials and heat treatments 


Such a condition as this may be illustrated by the fatigue resistance 0! 


2315 steel carburized to a depth of 0.0375 inch and represented h 


AA,CC.,, and the region BCC,, shown as a cross hatched triangle, 1s 
where stress is above the endurance limit of the core and consequent] 
where failure will eventually begin. 

This method of analysis is apparently of no value in det 
ing the depth of case necessary on gear teeth where notch ef! 
the base of the teeth introduces unavoidable stress multiplicatio 
Notch effect due to the shape of the gear tooth is aggravated ! 
marks, scratches or other surface imperfections in the fillet 


*O. W. McMullan, “Physical Properties of Case Hardened Steels,’’ 
American Society fer Metals. Vol. XXIII, No 2, June 1935, p. 319-381 
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portray diagrammatically our conception of the stresses in conjunc- 
tion with stress concentration at the surface, the diagram has been 
somewhat modified. For a gear designed to have infinite life under 
maximum low gear torque stress, we have drawn the hypothetical 
stress curve AEO. Because of stress concentration at the base of 
the gear teeth, line AEO shows departure from the line ABC,O, 
representing no stress concentration. If it were not for stress raisers, 
the bending load carried by the gear tooth would result in a stress line 
like OEF and the surface stress would be far below the endurance 
limit. The difference in magnitude of stress between A and F is due 
to stress multiplication factors that are present because of the notch 
effect of the teeth and condition of the fillets. In the case of drive 
pinions, it has been established by correlation of laboratory dyna- 
mometer tests with service records that a minimum life of 100,000 
pinion cycles under maximum low gear torque on a rear axle gear 
test equipment was equivalent to a lifetime of service in an auto- 
mobile under the most severe operating conditions. The require- 
ments for truck and bus axles are somewhat higher, due to greater 
average length of service. 

Almen states that ‘“‘many automobile parts, such as rear axle 
gears, axle shafts, transmission gears, etc., differ from ordinary ma- 
chine elements in that the number of maximum stress cycles is such a 
small proportion of total cycles that they may be designed to operate 
at maximum loading at stresses far above the permissible stress at the 
endurance limit. The tooth stress in normal car operation, that is, 
in high gear, is so low as to be negligible from a fatigue standpoint.” 
The minimum required test life of 100,000 cycles at maximum stress 
lor a passenger car rear axle drive pinion is equivalent to about 30 
miles of road travel according to Almen. 

On this basis, a drive pinion made from a material of an endur- 
ance limit of 120,000 pounds per square inch at the carburized surface 
might actually be stressed as high as 150,000 pounds per square inch, 
if full advantage were taken of the minimum life requirements. The 
minimum life requirements of a transmission gear would be some- 
what higher and the maximum surface stress to which it is subjected 
correspondingly lower, but the same principle would be followed in 


| 4 107 ’ o . ~ 2 cr 2 ~ . . o . - . ~ : 
lesign and the actual surface stress under most severe service condi- 


{ 


tions would be appreciably above the endurance limit of the carburized 
suri The actual stress line of a well designed tooth would there- 


something of the order of MBC,O, it being assumed that 
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the influence of stress raisers would be concentrated largely 
surface with presumably a rapid falling off in stress immediate) 
below the surface. It also follows that the endurance limit of the core 
of a gear may be exceeded under conditions of maximum stress pro. 
vided that the overstressing is not such as to cause tooth failure ; 
less than the minimum life requirements. 

This diagram graphically illustrates how inefficient would be the 
use of material if a gear were designed for infinite life in bending 
under maximum stress conditions. 


There is, however, another factor which enters into the depth of 


case necessary in a gear tooth for satisfactory service, namely—the 
extremely high crushing loads which a gear tooth must successfull 
withstand. These loads on drive pinion teeth may reach values o! 
the order of 400,000 pounds per square inch in the contact area under 
maximum low gear torque, according to Almen’s calculations by th 
Hertz Method, falling off to about 300,000 pounds per square inc! 
at the top of the teeth. Fortunately, the location of maximum crush- 
ing stresses does not coincide with the location of maximum bendin 
stresses. The actual depth of case necessary to withstand thes 
extreme crushing loads can only be determined by tests under actual 
operating conditions and from such tests have come the rule that th 
case on each side of a heavy duty gear tooth should be from | 
1/6 the thickness of the gear tooth at the pitch line. Obviously th 
core strength is of great importance in resisting crushing loads a1 
the stronger the core the less the case that is required for satisfacto! 
service. It is for this reason that, in truck and bus applications 
although the depth of a case of corresponding parts may be some- 
what deeper than in passenger car service, the general tendency 1s | 
change to a material which yields higher physical properties especial 
in, the core. 


CARBON CONTENT AT SURFACE OF CASE 


In connection with specifying the case depth for a new part, co! 
sideration must also be given to the different physical characteristic: 
obtainable from different carbon concentrations at the surface of 1! 
case especially as affected by appreciable amounts of alloying elements 

3y modifying conditions of heat treatment, namely—carburizing tel 
perature and time at temperature, it is possible to appreciably int 


ence the carbon content at the surface as well as the depth of ¢a 





Haran oS 
profound) 
\l cl 
r the ef 
concentra 
\ carbon 
thousandt 
time at | 
carbon Ct 
conventio 
carbon co 
per cent ' 
al carbon 
of a per 
1900 deg 
sion gear 
frm Schl 
The 
is explain 
\t the lo 
the diffu 
duced. 
causing t 
reached ‘ 
enough t 
surface. 
It s 
hardenin: 
one of 1. 
a materia 


retention 


he 
two othe 
Ontent a 
composit 


] 
VONACeOU 


































SELECTION OF TYPE OF CARBURIZED CASE 505 





tthe HR pardness and other mechanical properties after hardening will be 
atel) S profoundly affected by such variations in carbon content. 
core McQuaid* showed data obtained by R. W. Schlumpf in a study 
pro- HR of the effect of different long time carburizing temperatures on the 
ee il S concentration of carbon at the surface of pack carburized specimens. 
A carbon concentration of 3.10 per cent was found in the first few 
ethe HP thousandths of the surface layer of specimens carburized for a long 
ding S time at 1500 degrees Fahr., while 1600 degrees Fahr. produced a 


carbon concentration of 1.80 per cent to the same depth. The more 
thof Hi conventional carburizing temperature of 1700 degrees Fahr. gave a 
© carbon concentration in the first 0.005 inch of the case of about 1.20 


Tull per cent while 1800 and 1900 degrees Fahr. temperatures resulted in 
- ® acarbon concentration to the same depth of only a few hundredths 
mncer ‘ of a per cent lower, being about 1.15 per cent carbon after the long 
yt ® 1900 degrees Fahr. treatment. Recent tests in carburizing transmis- 
r ; sion gears in a gas atmosphere at 1500 degrees Fahr. appear to con- 
“a = firm Schlumpf’s results. 
= : The variation of carbon content at the surface with temperature 
thes . is explainable on the basis of absorption rate versus diffusion rate. 
oo me @6©«. At the lower temperatures, the absorption rate is so much faster than 
mt : the diffusion rate that a supersaturated layer of austenite is pro- 
© duced. The diffusion rate increases with increasing temperature 
yt ; causing the surface carbon to decrease steadily until finally a point is 
® reached at very high temperatures where the diffusion rate is fast 
ctory Hi cnough to prevent the formation of a saturated austenite at the 
uN surface. 
lt should be obvious that vastly different results will follow 
IS | hardening a surface of 1.80 per cent carbon compared to hardening 
_ one of 1.20 per cent carbon. This is especially true if box quenching 
a material of appreciable alloy content, since the tendency toward the 
f retention of austenite will increase with increase in carbon content of 
the surface layer. 

Che nature of the carburizing compound and the time at heat are 
yo two other factors that have a very definite influence on the carbon 
igen ontent af the surface of a carburized specimen. By variation in the 
M composition of compound, namely—amount, nature and size of car- 
net } bonaceous material, nature and amount of energizer, it is possible to 
ter vary the carbon content of the case, especially that of the surface 
in 


W. McQuaid, “A Study of the Effect of the Aluminum Addition on the Structure 
“as : nched Carbon Steel.’ Transactions, American Society for Metals. Vol. 26. 
t $43 ; 
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Jun 






layer, to an appreciable extent. 
nowhere near that which is possible by variation in temperature 
carburization. 


QO} 


Charred bone gives about the lowest concentration of carbon a 
the surface possible by the pack method, the concentration at the 









surface being of eutectoid composition or slightly higher, depending 
primarily on length of time at temperature. Charred bone, however 
is very slow as a carburizing medium. 

In order to realize an appreciable amount of excess carbide a 
the surface with production charcoal-coke mixtures, a definite ener. 
gizer content is necessary. 









The total energizer content of the pro- 
duction mixture should not be less than 6 per cent and preferabl 
over 8 per cent. 

$y controlling the carburizing temperature, composition of the 
compound, time at heat and quenching temperature, some control o! 
the austenite at the surface of pot quenched alloy steel parts is pos- 
sible and this will be reflected in the hardness of the surface as 
measured by indentation test methods. 







In order to minimize the 
amount of austenite at the surface of such parts a delayed quench 
in which the parts are permitted to cool a hundred or so degrees 
before immersion in the quenching medium is sometimes used. 









In discussing the results of transverse tests on case hardened 
steels, McMullan* reported that “all the pot quenched samples, ex- 
cept for the first crack in the fine-grained S.A.E. 4615, decrease i: 
strength with increase in case depth when carburized according to 
standard practice, and this decrease is very pronounced in man) 
cases. The majority of the single treated samples likewise decreas: 
in strength with increase of case depth, especially as to maximum 
load and more so in the coarse than in the fine-grained steels. Nearly 
all of the steels, when double treated, increase in load carrying capac 
ity with increase of case depth. 








‘This failure of the deeper case to increase load carrying capacity 
is probably due to internal stresses set up in hardening between the 
case and core, between the different zones of the case, or both.” 

This appears to be a reasonable explanation for his results, and 
possibly more attention should be paid to the magnitude of internal 
stresses in carburizing and subsequent hardening. Since austenite 
occupies less volume than martensite, the amount of internal stress 
resulting from the presence of austenite at the surface of parts 







*See footnote page 502. 
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made from alloy steel and used as quenched from the carburizing 
heat may be appreciable. The austenite, in addition to being under 
additional stress due to being outside of a layer of martensite, is 
definitely weaker than martensite. This may be the real explana- 
tion why pot quenched deep cases are weaker than light cases. 

One of the authors* has previously shown that greater resistance 
to fatigue results from increasing case depth, in connection with 
specimens double treated to develop a martensitic surface structure. 
Increasing the case depth from 0.030 to 0.041 inch raised the endur- 
ance limit of 2330 steel from 147,000 to 157,000 pounds per square 
inch, the treatment of the specimens otherwise being the same and 
such as to yield a martensitic structure at the surface. These tests 
were on straight polished specimens free from machine marks or 
other surface imperfections that might act as stress raisers. What 
might happen in the case of notched specimens with respect to the 
relationship between endurance limit and case depth probably would 
not agree with results on straight specimens. It might be that, if 
the notch is such as to cause considerable stress concentration, lighter 
cases, because of their lower carbon concentration at the surface 
and correspondingly lower internal stress when pot quenched, may 
show up in a more favorable light. 

Rotating beam fatigue tests now in progress on notched fine- 
grained 4615 specimens carburized 4%4 hours at 1675 degrees Fahr. 
and quenched direct from the pot indicate that the reduction in 
latigue resistance of these specimens compared to similar 4615 
specimens carburized for 9 hours at 1675 degrees Fahr. and pot 
quenched is not nearly as great as would be expected from the dif- 
ierence in their respective case depths of 0.035 and 0.052 inch. 

HyYPEREUTECTOID AND EuTectorp CASES 

After discussing this phase of the subject with several auto- 
motive metallurgists, it would appear that the carbon concentration 
at the surface of a carburized part is of importance primarily with 
respect to its influence on the surface structure and hardness. In 
satisfying the requirements of very high load carrying ability com- 
bined with the maximum possible resistance to severe abrasive fric- 
tion, it is rather generally accepted that a martensite structure free 
trom retained austenite is the most desirable. With the alloy steels 
commonly used for gear applications, pot quenching is preferred to 
double treating largely because of economic advantages although less 


e footnote page 501. 
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and more consistently uniform distortion appears to result from 4 
direct quench especially with steels of the fine-grained type. 4 
small amount of retained austenite, that is an amount that resylt< 
in a Rockwell C hardness of not less than 60, does not appear to 
cause trouble but to obtain this hardness when box quenching some 
of the commonly used alloy steels presents a rather difficult problem, 
When using these steels, as treated except for a lapping operation, 
in parts subject to rapid sliding friction, the practice is to keep the 
carbon concentration at the surface as close to eutectoid composition 


























as possible and thus minimize the amount of retained austenite at 
the surface layer after pot quenching. A delayed quench may also 
assist greatly in obtaining a suitable surface structure and hardness 

Steels of somewhat lower alloy content with correspondingly 
less tendency toward retained austenite at the surface following 




















pot quenching have recently been given considerable attention for 








gear applications. A number of these steels contain alloying ele- 
ments which form carbides that are more difficultly soluble and are 
therefore especially desirable for service involving rapid sliding ac- 


ar 

















tion as in hypoid gears, cams and tappets. With these materials, the 
practice is to obtain as high a carbon concentration at the surface 
as is possible commercially and thus achieve the highest possible 
surface hardness and wear resistance. Naturally the nature of th 




















compound used is such as to yield a surface layer that is definitel 
hypereutectoid. 








On the other hand excess carbide, especially if in a network 
form, presents a problem on a part that is to be ground after car- 
burizing since it tends to promote checking during the grinding 
operation. 

















It is interesting to note that in connection with rear end gears 
of the spiral bevel design, the presence of retained austenite at the 
surface of the teeth was not necessarily regarded as undesirable pro- 
vided the surface was file hard. Only when the surface hardness 
as measured by indentation methods dropped appreciably below C 0U 
Rockwell and the surface was not file hard was any attention paid 
to the amount of austenite present. However, the speed of sliding 
was appreciably lower in spiral bevel gears and the general service 
was such that a more gradual breaking in of the tooth surface was 
possible. After a few hundred miles of service, the hardness of the 
surface layer was sometimes found to have increased several points 
Rockwell as a result of work hardening. 
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For service involving rolling friction or extremely high unit 
loads, it is rather generally accepted that a case of eutectoid or but 
slightly higher composition is also preferred. Here the general prac- 
tine is to double quench to develop a fine martensitic structure at the 
carburized surface. This treatment which is generally used in con- 
nection with carburized roller bearings offers the most certain means 
of avoiding or controlling the amount of austenite at the carburized 
surface of alloy steels which tend to yield austenite when pot 
quenched. It therefore results in a minimum of residual stress 
throughout the section and presumably a greater load carrying ca- 


pacity. 


DISCUSSION 


Written Discussion: By John F. Wyzalek, chief metallurgist, Hyatt 
Bearings Division, General Motors Corp., Harrison, N. J. 

The paper presents in a concise form a wealth of metallurgical information 
in regard to present carburizing practice in the automotive industry. It un- 
questionably will prove of value to us all as a guide in our individual problems. 
The authors are to be congratulated. 

In connection with use of the gas carburizing method as applied to 0.35 
to 0.45 per cent carbon transmission parts, I wish to raise question as to whether 
any attempt has been made in this process to use ammonia as an addition to 
effect a case containing nitrogen? Our experience with S.A.E. 1060 steel 
treated in an atmosphere of propane, ammonia and air indicates a case quite 
similar to that obtained with a cyaniding treatment. We also use similar 
process on parts made of S.A.E. 1010 steel, which are produced file hard to 
depths of 0.001l-inch minimum and 0.010-inch maximum without resorting to 
any quench. 

Single quenching, as the authors point out, we also have found detri- 
mental with increasing depths of case and therefore found it necessary to 
resort to double treatment. In fact, we question the wisdom of single quench- 
ing any part subjected to heavy loads and shock and requiring hardness above 
60 C Rockwell for wear resistance. 

[he suggestion that greater attention be paid to stresses created in 
carburizing and hardening unquestionably should be given very serious con- 
sideration. Our experience with carburized parts containing retained austenite 
at the finished ground surface, resulting in poor performance due to early 
pitting, is in a great measure, we believe, explained by the internal stresses 
resulting from the presence of this constituent. This again would be particu- 
larly true with parts treated to a high hardness. 

‘he conclusion that for applications requiring very high load carrying 
ability and abrasive frictional resistances, a martensitic case free from retained 
austenite is most desirable, we very heartily agree with. We find that for 
parts made, for instance, from S.A.E. 4620 steel, carburized and heat treated 
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to a hardness of 60-64 Rockwell C, that to obtain satisfactory performance. 
especially under concentrated loadings, a martensitic case free from austenite 
is absolutely essential. 


To insure this, the only positive means we found was 
double treatment. 


Under the closest supervision with the best methods ayail- 
able, single quenching is only a compromise. 

Written Discussion: By H. B. 
International Harvester Co., Chicago. 


Knowlton, metallurgical engineer 
As usual Messrs. Boegehold and 


paper. 


Tobin have presented a very valuabl 
We believe that this is worthy of very thorough- study by anyone 
employing the case hardening process, particularly anyone interested in case 
hardened gears. 

A great deal of their discussion, however, is limited to pleasure car gears, 
and we believe it might be interesting to some of the readers to comment on 
other types of gears which receive a different type of service. 

As stated by the authors, 100,000 cycles of maximum stress, that is, ful! 
load low gear operation, probably represents the maximum which the pleasur 
car gears will ever receive in service. On the other hand, there are probably 
many other gears, which are designed to be run much longer than this unde: 
conditions of severe loading. 

In our industry, for example, we expect a tractor to be operated in first 
gear with almost full motor 
words, millions of cycles. 


thousand hours; in other 
We have found that the type of failure occurring 
with these gears is usually not the same as that experienced with pleasur 
Car gears. 


torque for several 


We are more concerned with the condition of pitting or spallin; 
of the case than we are with excessive wear or breakage of the teeth at th 
roots. 


We have run dynamometer tests of under conditions 


overloading, so far as gear teeth are concerned, for at least 400 hours befor 
considering the gear satisfactory. 


tractor gears 


We frequently find that 
apparent after 100 hours or approximately 27,000,000 cycles. Appearance 

pitting after 200 or 300 hours is not uncommon. In these tests we hav 
found that the gears made of S.A.E. 4620, S.A.E. 4120 and S.A.E. 3115 steels 
given a single quench directly from the carburizing box, are superior frot 
a pitting ‘standpoint to similar gears 


pitting becomes 


given a double quenching treatment 
These are spur gears, and, consequently, receive mostly rolling friction instead 
of sliding friction, which occurs with hypoid gears. We believe it is entirely 
possible that the type of structure which is best for this kind of gear may be 
different from that which works out the best on automobile gears. 

Perhaps in other industries it may be necessary to conduct tests wil 
specific gears in order to determine the best properties for those particular 
gears. 

In closing we do wish to express our appreciation of the excellence o/ 
the paper by Messrs. Boegehold and Tobin. 


f ‘ 


Even though we might wish 
extend some of their experiments for our own particular needs, and might 
find it necessary to use other values for endurance limits of case and core ©! 
the steels mentioned, the fundamental principles brought out by Messrs 
Boegehold and Tobin should certainly be applicable to case hardening prob- 
lems in any industry. 
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Written Discussion: By O. W. McMullan, metallurgist, Youngstown 
Sheet and Tube Co., Indiana Harbor Works, East Chicago, Ind. 

The authors have very well summarized the applications of various case 
hardened parts, the means of obtaining different cases, and the chemical, 
structural and physical properties to be expected from them. 

On page 508 the authors mention that retained austenite does not cause 
much trouble if not less than Rockwell C60 hardness is maintained. They 
further state that it is difficult to maintain this hardness when box quenching 
alloy steels and suggest keeping the carbon content near eutectoid or using 
. delayed quench. It has been the writer’s experience that lowering the 
carbon content decreases wear resistance and for many applications this is not 
a desirable procedure. They also mention the more recent attention paid to 
steels of lower alloy content which will retain less austenite when high carbon 
cases are direct quenched. This is probably a good step to take for small 
sections or for shapes in which distortion would not occur by using fast 
quenching speeds. It occurs to the writer that another method applicable to 
large sizes also and various compositions might be by control of quenching 
rate through use of oils of higher viscosity or other slower cooling media to 
produce martensitic high carbon cases in the higher alloy steels. Such a 
procedure, if commercially practical, also should reduce distortion as the 
temperature gradients would be greatly reduced. Diulatometric curves show 
the volume change during allotropic transformation to be small compared 
to that possible from temperature gradients. Temperature gradients if 
occurring at right temperature during hardening may therefore be a greater 
source of stress raisers and distortion than allotropic transformation. 

Mention is made of pot-quenched alloy steels with carbides that are 
dificultly soluble. Is it to be inferred that the carbides were not in solution 
during carburizing in view of the reported 1.20 per cent carbon obtained at 
1700 degrees Fahr.? Following the usual carburizing methods and immediate 
direct quenching, the writer has observed carbides in deeply cased steels but 
only of certain analyses and considered it possible that the carbides had come 
out of solution during quenching. The extremely high surface carbon con- 
tents mentioned by the authors on page 505 as being confirmed do not appear to 
give the expected properties. Such carbon contents with low silicon should 
produce an extremely hard white iron, file hard without quenching. The 
Writer is not aware that this is the case. If such high carbon does exist 
perhaps the layer is too thin or the carbides too finely divided (as indicated 
under the microscope) to exhibit the normal characteristics of white iron. 
A composition or treatment that would produce such a layer of appreciable 
depth might offer interesting possibilities. 

The authors mention the possibility from lighter cases, because of lower 
carbon content at the surface and lower internal stresses when pot-quenched, 


oIn r 


re favorable results from notched fatigue specimens. The writer would 
like 


ing 


ask if they have any evidence in another direction, that is, does increas- 
e carbon content in the core to 0.25 to 0.35 per cent, as is becoming more 


common, increase the fatigue life due to lower internal stresses? It is here 
assul (| 


d that the increased hardenability of the core might reduce internal 
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stresses between the case and core because the hardenability would be more 
nearly equal. 
Written Discussion: By O. E. 
Memorial Institute, Columbus, Ohio. 
There is very little that I can contribute by way of discussion to a paper 
so well planned and so carefully written as this one. 


Harder, assistant director, 


Battelle 


Because of the fact that there is a general lack of uniformity in expressing 
depth of penetration of all kinds of cases, it would be of interest to know just 
how the authors determine “total penetration.” Does this expression mean 
the total depth to which there has been an increase in carbon content due t 
carburizing? It would be of interest to know how the total penetration as 
determined by these authors compares with the depth of case in a fracture 
test and in an etch test. Finally this carburizing symposium might well take 
the initiative in promoting a uniform procedure in determining case depth. 

A question may be raised regarding the authors’ assumption on page 50! 
that the fatigue endurance limit of steel of 140,000 and 180,000 pounds per 
Moore and 
reported ratios of static strength to endurance limits ranging from 
0.68 to 0.36 which suggests a mean of about 50 per cent. 


square inch tensile strength will be 50 per cent of these values. 
Kommers”™ 
More recent work 
has shown that the range is even wider. For example, Epstein, Nead and 
Halley” reported an endurance limit of 72 per cent while tests on some ex- 
tremely hard steel by others have extended the lower ratio. 

Supplementing the report on page 502 with reference to fatigue failures 
starting at the junction of the case and core, | may add that Hengsten 
berg and Mailander” have reported fatigue tests on nitrided steels tn which 
the initial fracture started at a point below the surface, approximately repre- 
senting the junction of the case and core. 

The authors’ 


statement on page 507, “In 


ability 


satisfying the requirements 
of very high load carrying possible 


with the maximum 
resistance to severe abrasive friction, it is rather generally accepted that a 


combined 
martensite structure free from retained austenite is most desirable,” is inter- 
esting and one wonders how this observation ties in with French’s” findings 
in which he reported: “It seems probable that the retention of austenite can 
operate, through alteration in the stresses arising from martensitization, so as 
to reduce or eliminate real or pseudo cracks and so to improve the mechanical 
properties and especially the resistance to fatigue of the steel in the manner 
described.” Perhaps the resistance to severe abrasive friction is the more im- 
portant property in the service considered by 
should like to hear their comments. 


Boegehold and Tobin and | 
I have been pleased to get the valuable 
information in this paper. 


Authors’ Reply 


In closing, | would like to say that we appreciate greatly the interesting 

‘An Investigation of Fatigue of Metals,” 
Station, University of Illinois, 1931. 

18**Choosing a Composition for Low-Alloy High-Strength Steel,’”’ Technical Publication 
American Institute of Mining and Metallurgical Engineers, No. 697, 1936. 3 ; 

19**Endurance Properties of Nitrided Steels,’’ Kruppsche Monatshefte, Sept.-Oct. 172” 
p. 252. ; a . ; : 7 

20**Fatigue and the Hardening of Steel,”” Transactions, American Society for Metals, 
Vol. 21, 1933, p. 917. 
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comments that have been made by Messrs. Wyzalek, Knowlton, McMullan and 
Dr. Harder. Naturally, it is gratifying to learn that Mr. Wyzalek’s experience 
in connection with single and double treated alloy steels is in close agree- 
ment with our own results. 

Mr. Wyzalek asked whether any attempt had been made to use ammonia as 
an addition in the gas carburizing method now being used with certain alloy 
steel transmission parts of 0.35 to 0.45 per cent carbon. We are not aware of 
any such experiments. 

Mr. Knowlton’s comments concerning dynamometer test results on tractor 
gears of spur design are especially interesting since they have found that gears 
made of S.A.E. 4620, 4120 and 3115 steel single quenched are superior from a 
pitting standpoint to similar gears double quenched. Since roller bearing manu- 
facturers generally prefer double quenching for service involving rolling fric- 
tion with extremely high unit loads, it would appear that the service described 
by Mr. Knowlton involves an additional requirement not considered by the 
authors. Combined high loading and high rolling speed may generate relatively 
high skin temperatures. We are familiar with tests on truck rear axle gears in 
which temperatures high enough to soften the gear teeth have occurred. The 
direct quenched, carburized structure may be less susceptible to breakdown by 
heat than a fine-grained martensitic structure such as results from double quench- 
ing. 

We agree with Mr. McMullan that with a number of steels, lowering the 
carbon content of the surface layer of a carburized part decreases wear resist- 
ance. However, in many instances it appears necessary to effect some compro- 
mise if certain steels are to be used as box-quenched without incurring trouble 
from excessive amounts of retained austenite. It is presumably for maximum 
wear resistance that those manufacturers using steels of lower alloy content 
carburize under conditions that give them the highest carbon concentration at 
the surface that is possible commercially. His comments relative to a slower 
method of quenching with higher alloy steels in order to obtain a martensitic 
surface layer with less distortion are deserving of attention. This, however, 
is contrary to the present trend toward lower cost steels. 

Mr. McMullan also asks if we have any evidence that increasing the carbon 
content of the core to 0.25 to 0.35 per cent increases the fatigue life due to 
lower internal stress. The highest fatigue endurance limit we have obtained 
with carburized specimens was with 2330 material. Where the ordinary endur- 
ance value of a carburized and hardened surface has been of the order of 120,000 
pounds per square inch, we have obtained an endurance limit of 157,000 pounds 
per square inch on S.A.E. 2330 steel carburized to a depth of 0.041 inch and 
double quenched. We have no evidence to indicate whether this increase in 
fatigue resistance is due to higher core strength or to lower internal residual 
stress. 

In answering Dr. Harder we first wish to state that it is our practice to 
determine “total penetration” microscopically in an annealed condition and by 
that expression we mean the total depth to which there has been an increase in 
carbon content due to carburizing. In our experience this is more accurate than 
measurement of a fracture or examination in the hardened condition. It would 
certainly be desirable for the American Society for Metals to take the initiative 
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in promoting uniform procedure for classifying case depth. Dr. Harder’s re. 
marks relative to the ratio of endurance limit to static strength are well mage 
and appreciated by the authors. The 50 per cent ratio to which he refers wa; 
assumed merely to illustrate graphically how inefficient would be the use 9; 
material if an automotive gear were designed for infinite life in bending unde, 
maximum stress conditions. It would only complicate the diagram with sacri 
fice of clarity to attempt to indicate the variation that might be expected jy 
ratio of endurance limit to tensile strength. For any specific application, th, 
engineer may reconstruct this diagram using known fatigue endurance limi: 
values applying to the particular steels under consideration. 

Whether fatigue resistance or resistance to abrasive friction is the more 
important requirement in a gear tooth depends on the design of the gear. Our 
experience indicates that a martensitic structure free from retained austenit 
gives both maximum fatigue resistance and resistance to abrasive friction. On 
of the authors” has shown that the fatigue resistance at 250 degrees Fahr., oj 
carburized S.A.E. 2515 and 3312 steel in the martensitic condition is definite! 
superior to that of these materials with an appreciable amount of retained auster 
ite at the surface such as results from box quenching. However, when actua 
gears are double quenched to obtain martensite at the surface, the additiona 
distortion incurred causes load concentration which may cancel any benefit that 
might have been obtained from the presence of the higher strength martensit 


2A. L. Boegehold, “Endurance of Gear Steels at 250 Degrees Fahr.,”” Transactions 
American Society for Metals, Vol. 25, March 1937, p. 245 
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FURNACE ATMOSPHERES AND DECARBURIZATION 
By Joun A. WEBBER 
Abstract 


This paper covers the troubles caused by decarburiza- 

tion in furnace atmospheres, a review of the past investt- 

gations on the effect of the various gases present in the 

products of combustion of fuel-fired furnaces, and some 

of the methods being used to overcome decarburization. 

It includes many curves taken from the work of past in- 

vestigators in order to have them available in one article 

for the convenience of the reader. The author has dis- 

cussed and made some interpretations of the results of 

past investigations which it is hoped will be helpful in 

clarifying a very broad subject. 

N the last few years the control of furnace atmospheres has be- 
l come a very live subject. The various trade magazines are full 
of articles and advertisements on control of furnace atmospheres. It 
is, however, difficult to find out what the atmosphere should be that 
is to be controlled. It is unfortunate that most atmospheres being 
used for prevention of scale do not prevent decarburization, and in’ 
fact, most of them increase it. While this is not serious on low 
carbon steels such as sheets, it is a decided disadvantage for such 
parts as dies and tools, razor blades, saws, files, etc. In other words, 
the higher carbon steels are more susceptible to “skin softness,” and 
also they cause the greatest amount of trouble. In dies and tools,. for 
instance, the extreme hardness is required at the wearing surface 
and any small amount of decarburization cuts down the die life 
considerably. 

Apparently, in the last few years since more attention has been 
given to controlling the atmospheres in furnaces, trouble with decar- 
burization has increased. There are probably three reasons for this: 
first, it may be thought that because the part was not scaled it would 
not be decarburized. Second, there is probably some protection for 
the steel by the scale formed as well as removing some of the 
decarburized metal surface by scaling. And third, in furnaces where 

\ paper presented as part of the Symposium on Carburizing presented at 
the Nineteenth Annual Convention of the American Society for Metals held in 


Atlantic City, October 18 to 22, 1937. The author, John A. Webber, is produc- 
tion manager of the Interstate Drop Forge Company, Milwaukee. 
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the products of combustion are in contact with the steel the presence 
of water vapor which has a decarburizing effect, and hydrogen which 
is present as the burners are adjusted to the reducing side, cause 
decarburization. 

It is generally recognized at the present time that in a gas 
furnace the proper adjustment for ordinary heat treating is slightly 
on the oxidizing side. It is usual to operate the furnace with slightly 
more than one-half of one per cent of excess oxygen. This has two 
advantages: first, that the hydrogen in the products of combustion is 
reduced to a minimum; and second, the scale formed is of a loose 
type and easily knocked off, while in the reducing atmosphere the 
scale is of the tight clinging kind. 

The following investigation, conducted several years ago,* is 
of interest in showing this effect: 

A large gear manufacturer had just installed a large, con- 
tinuous type gas furnace for hardening ring gears after carburizing 
to supplement an electric hardening furnace which they were using. 
At that time it was thought that the proper setting for a gas furnace 
was slightly on the reducing side, or 1 to 2 per cent excess carbon 
monoxide. No particular trouble with decarburization had been ex- 
perienced in the electric furnace, but after the gas furnace had been in 
operation for about one week they called in the furnace manufac- 
turer to advise them how to eliminate the “soft skin’ on the car- 
burized parts. The following investigation was conducted, using 
samples of the carburized ring gears. They were reheated for 
hardening in both an electric and a gas furnace. 

Five teeth were cut from the ring gear which had previously 
been carburized but not hardened. The sides of the teeth were 
milled parallel and the thickness measured with a micrometer. Each 
tooth was then heated in the furnace at a temperature of 1475 de- 
grees Fahr. for forty-four minutes and then quenched in oil. 

Tooth #1 was heated in an electric furnace in an atmosphere 
of still air. 

Tooth #2 was heated in a direct-fired gas furnace which was 
operated with an excess of gas, or a reducing atmosphere. The 
gases in the furnace contained 5.7 per cent carbon monoxide, 0.0 per 
cent oxygen, and 9.5 per cent carbon dioxide. The gas analysis was 
made with an Orsat. 

Tooth +3 was heated in the same furnace but it was operating 


*At University of Michigan under the direction of W. E. Jominy, 1928. 
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with a more nearly perfect mixture of gas and air. The gas in the 
furnace contained 1.3 per cent carbon monoxide and 1.4 per cent 
oxygen. 

Tooth +4 was heated in the same gas furnace. The furnace 
was operating with a large excess of gas. The products of com- 
bustion contained 8 per cent carbon monoxide, 0.0 per cent oxygen, 
and 8.5 per cent carbon dioxide. 

Tooth +5 was heated in a furnace operating with as near com- 
plete combustion as was possible in this furnace. The gas con- 
tained 1.5 per cent carbon monoxide, 1.6 per cent oxygen, and 10.2 
per cent carbon dioxide. 

After hardening these samples by quenching in oil the scale 
was removed with a sharp knife and the thickness measured with 
a micrometer. The surface was then filed to see if there was a 
soft skin. A cross section was cut from each tooth and annealed 
in an atmosphere of dried nitrogen. 

The method used for annealing the samples was to heat them 
in a quartz tube combustion furnace. A stream of nitrogen was 
passed through this tube at the rate of about one liter per hour and 
under a pressure of 2 inches of water. The nitrogen was first 
purified by passing it through a magnesium perchlorate drying 
tower, then passing it over copper gauze heated to 1400 to 1550 de- 
grees Fahr. to remove the oxygen. The pieces were annealed at 
1525 degrees Fahr. They were brought to temperature in five to 
eight minutes, held at temperature for five minutes, and then slowly 
cooled in the furnace at a rate of about 10 degrees Fahr. per minute. 
No scale was formed on the steel during this treatment except a 
yellow to purple temper color. 

The annealed section was then polished and etched in a 4 per 
cent nitric acid in alcohol solution. The depth of decarburization 
was measured on the ground glass of a metallographic camera at 
100 diameters magnification. The results of these tests are shown 
in Table I. These results indicate that in the electric furnace 
more metal was scaled away but that the surface remaining was not 
appreciably decarburized. While in the gas furnace with an excess 
gas there was little scale formed, but the surface under the scale 
was decarburized. When the steel was heated in the gas furnace 
containing a little free oxygen it was scaled more than in the re- 
duci ; atmosphere and about one-half as much as in the electric 
turnace, and the surface was not noticeably decarburized. 
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Table | 


Width of Tooth After Heating and Increase Decrease 
Before Heating Removing Scale in Size in Size 


Inches Inches 
0.3000 
0.2583 
0.3106 
0.2305 
0.2482 0.0006 


Depth of Decarburization 
Hardness Inches 


ZA 
° 


uUtkhwhy- 


File hard None measurable 
Soft skin 0.004 

File hard None measurable 
Soft skin 0.004 

None to 0.005 


File hard 


The reasons for not finding decarburization along with the 
scaling are probably: first, that part of the decarburized skin is 
scaled off. Second, that the scale protects the steel to some extent. 
And third, the probable presence of free hydrogen, which in pres- 
ence of water vapor is very decarburizing. Since the depth of 
scaling in the electric furnace was only about one-quarter the depth 
of decarburization in the gas furnace with an excess of gas, it is 
evident that there are other effects besides the scaling away of the 
decarburized surface. In other words, the scaling did not tak 
place as fast as the decarburization; therefore, the first reason alone 
could not account for the results. Photomicrographs of the an- 
nealed gears are shown in Figs. 1 through 4. Fig. 1 shows the edge 
of tooth #1; Fig. 2 shows the edge of tooth #2; Fig. 3 shows 
the edge of tooth #3. Fig. 4 shows the edge of a tooth which 
was carburized but not hardened. It was annealed in the nitrogen 
atmosphere with the other teeth as a check to be sure that decar- 
burization was not occurring in the nitrogen atmosphere. 

The above tests show that increasing the amount of gas in 
proportion to the air used in a gas furnace does not prevent de- 
carburization. Jominy (1)* later investigated decarburization in 
oxidizing, neutral and reducing atmospheres very thoroughly. His 
results showed that “the average depth of decarburization decreases 
as the oxygen content increases.” He also found that as the at- 
mosphere was made more reducing, decarburization increased. Even 
with an air to gas ratio of 1 to 1 more decarburization was pro 
duced than in atmospheres produced with lower gas ratios. In this 
case the flame was luminous and much carbon was precipitated an¢ 


“The figures appearing in parentheses refer to the bibliography appended to this pape 
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no scale whatever was formed on the sample. Even though the 
atmosphere deposited carbon black it would “not carburize a plain 
carbon steel in one hour’s exposure until temperatures higher than 
2300 degrees Fahr. were reached.” 

Jominy also found that for short periods of time no noticeable 
decarburization occurred in gas furnace atmospheres. He found, 
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_ Fig. 1—Edge of Tooth of Carburized Gear After Reheating for 44 Minutes _ in 
Electric Furnace at 1475 Degrees Fahr. (800 Degrees Cent.) and Quenched in Oil. 
Chen Annealed at 1525 Degrees Fahr. (820 Degrees Cent.) in Dried and Purified Nitro- 


gen. Shows No Apparent Decarburization. 

Fig. 2—Edge of Tooth of Carburized Gear After Reheating for 44 Minutes in Gas 
Furnace with Reducing Atmosphere at 1475 Degrees Fahr. (800 Degrees Cent.) and 
Quenched in Oil. Then Annealed at 1525 Degrees Fahr. (830 Degrees Cent.) in Dried 


and Purified Nitrogen. Shows Definite Decarburization. 


however, that in slightly reducing atmospheres the limit of time 
was much shorter before decarburization was noticeable than for 
neutral or slightly oxidizing atmospheres. Fig. 5 shows graphically 
the time limits before decarburization is noticed for plain carbon 
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Fig. 3—Edge of Tooth of Carburized Gear After Reheating for 44 Minutes in Gas 
Furnace with Slightly Oxidizing Atmosphere at 1475 Degrees Fahr. (800 Degrees Cent 
and Quenched in Oil. Then Annealed at 1525 Degrees Fahr. (830 Degrees Cent.) it 
Dried and Purified Nitrogen. Shows No Apparent Decarburization. 

Fig. 4—Edge of Tooth of Carburized Gear Annealed at 1525 Degrees Fahr. (83 
Degrees Cent.) in Dried and Purified Nitrogen as a Check to be Sure the Nitrogen At 
mosphere Was Not Decarburizing. 


steel of eutectoid composition in a neutral atmosphere and a slightly 
reducing atmosphere containing 2 per cent carbon monoxide. 

A neutral atmosphere, as considered by combustion engineers, 
is an atmosphere in which there is complete combustion. It can be 
seen from the above, however, that in respect to the steel it is not 
neutral. With respect to its action on steel the only way in which 
it might be considered as neutral is that the amount of scale formed 
decreases rather rapidly as the adjustment goes from the oxidizing 
to the reducing side at 1700 degrees Fahr. This has been illustrated 
by Upthegrove (2) in the curves shown in Fig. 6. It should b 
remembered, however, that Murphy and Jominy (3) found at 230 
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degrees Fahr. (1260 degrees Cent.) the amount of scale formed 
did not diminish very rapidly until the atmosphere reached 12 to 
15 per cent carbon monoxide. 

As soon as it became evident that protective atmospheres could 
not be produced with the products of combustion in contact with the 
steel, an intensive series of investigations were started to learn more 
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Fig. 5—Jominy’s Curves Showing the Limiting Tem- 
peratures and Periods of ae in Order to Avoid De- 
carburization of a Plain Carbon Steel of Eutectoid Compo- 
sition. The Curves Apply Only to the Atmosphere in a 
Gas-fired Furnace Using City Gas (Mixed Coke Oven and 


Water Gas). In Order to Avoid Decarburization the Time 
of Heating Should Fall Below the Curve. 


about the effects of the various gases in a gas furnace upon the sur- 
tace of steel. This work is covered very well in the literature and 
will be outlined only briefly. 

Carbon dioxide has been found to be slightly decarburizing. 
This decarburizing action is according to the equation Fe,C+CO, 
=3Fe+2CO. Carbon monoxide is generally considered as a car- 
burizing gas according to the same equation. Instances have been 
reported, however, where carbon monoxide was decarburizing for 
some of the higher carbon steels. In these cases it is probable, as 
pointed out by McQuaid (4), that the carbon monoxide breaks 
down to form free carbon and carbon dioxide, and the resulting mix- 
ture of carbon monoxide and carbon dioxide is decarburizing for 
the higher carbon steels. 

Water vapor is very decarburizing, especially when present in 
small amounts with other gases. Jominy (1) has shown that 
saturated steam alone was not as decarburizing as smaller amounts 
of water vapor with hydrogen or nitrogen. He found that steam 





TRANSACTIONS OF THE A. S. M. 





Loss in Weight, /b,per /00s9.in. per hr, 


Ss 


lame tia bee tls ton doen 
caused a small amount of decarburization after five hours heating 
at 1450 degrees Fahr. (790 degrees Cent.). 

Hydrogen is very decarburizing in the presence of small 
amounts of water vapor; in fact, Jominy states that it is the most 
active decarburizer known. The decarburizing action of hydrogen 
is according to the following equation: Fe,C-+2H,=3Fe+CH,. 

Austin (5) has conducted experiments which indicate that hy- 
drogen with a critical amount of water vapor (10 milligrams water 
vapor per cubic foot of hydrogen) is not decarburizing. Fig. 7 
shows the results of his work at 1470 degrees Fahr. (800 degrees 
Cent.) and indicates that pure hydrogen is slightly decarburizing 
As the amount of water vapor is increased the decarburizing action 
becomes less, until at the critical amount of water vapor the at- 
mosphere is not decarburizing. As the amount of water vapor |s 
increased above this point the decarburizing action increases very 
rapidly. 

Pure dry nitrogen was found by Jominy (1) to be inert. In 
the presence of very small amounts of water vapor, however, 1 
becomes very actively decarburizing. Commercial tank nitrogen was 
found to be slightly decarburizing in one hour at 1600 degrees 
Fahr. (870 degrees Cent.). As little as 0.05 per cent moisture 
produced pronounced decarburization. 
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O 0.02 0.04 0.08 0.08 0.10 
Distance Below Surface, inches 
Fig. 7—Austin’s Curves Showing Decarburization of 1.11 Carbon Steel 

in Hydrogen with Varying Amounts of Water Vapor Heated for 55 Hours 

at 1470 Degrees Fahr. (800 Degrees Cent.). It Will Be Noted that Pure 

Dry Hydrogen (P;) is Slightly Decarburizing While Hydrogen with 10 Milli- 

grams of Water Vapor Per Cubic Foot of Hydrogen (Py) Is Not Decar- 

burizing. 

Sulphur dioxide, while it increases the scaling, does not ap- 
pear to enter into the carburizing and decarburizing action. 

A great deal has been done recently in manufacturing pro- 
tective gases outside the furnaces and introducing them either into 
an electric, a muffled, or a radiant tube type of furnace. , This 
method has been found very successful in bright annealing. There 
appears to be quite a wide gap, however, between the amount of 
protective gases required for prevention of scaling and that re- 
quired for prevention of decarburization. In fact, there is evi- 
dently a wide range where no scale is formed and decarburization 
is increased. Epstein (6) in his discussion of the effects of furnace 
atmospheres on steel has reproduced from the work of Stansel (7) 
some interesting curves plotting the ratios of various gases against 
the temperature. These curves are reproduced in Fig. 8. It will 
be noticed that there is a considerable area between the curve for 
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Fig. 8—Stansel’s Curves Showing Equilibrium Ratios for the CH,-H.. j over a 
CO.-CO and H.O-H, Reactions, in Contact with Iron-Carbon Alloys Satu 
rated with Carbon at the Temperature in Question. 
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Fig. 9—-Schenk’s Curves for Equilibrium of Hydrogen 
and Methane. 


3Fe - 
is close enough to that for the reaction 3Fe + 2CO = Fe,C + CU, 
to give a fair idea of the much larger percentage of carbon monoxide 
required to prevent decarburization than is required to prevent for a 
CO, | invest 
CO dioxic 
was taken from the work of Rhead, Wheeler and Stansfield and and h 
corresponds to the dotted line curve in Fig. 12 for the reaction show: 
2CO 2 CO, + C. 
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Johansson-VonSeth (8) curve for the carburizing and decarburiz- 
ing equilibrium of saturated austenite. It is, however, near enough 
to be useful for comparison of the ratios required for prevention of 
scaling and of decarburization. 

It will be noticed that the area between curve C, and D, above 
the point of intersection is not scaling but is decarburizing. The 
area between these curves below the point of intersection would, 
however, be scaling and carburizing except that this area is below 
the Ac, line of the iron-carbon diagram. 

The two curves C, and A, are the curves of Jominy and 
Murphy (2) and the two together represent the water gas reaction. 


CO,xH,O is 


Epstein (6) has pointed out that when the ratio of — 


COxH, 
over a definite value for each temperature, about 0.26 at 1650 de- 
grees Fahr. (900 degrees Cent.) and 0.29 at 1110 degrees Fahr. 
(600 degrees Cent.), the atmosphere is scaling. When it is below 
these percentages it is not scaling. Unfortunately, from the stand- 
point of decarburization, both H,O and H, in the curve A, are 
decarburizing and it is, therefore, evident that small amounts of 
these two gases merely increases the range where we have no scaling 
and the gas is decarburizing. 


~ ° 4 
Curve B, for the ratio methane to hydrogen | ——— } has been 

2 
taken from the work of Pring and Fairlie and represents the equilib- 


rium for the reaction CH, = 2H, + C. 
EFFECT OF MIxTURES OF METHANE AND HYDROGEN 


One of the equations for carburization and decarburization is 
jke + CH, = Fe,C + 2H., the methane in this case being the 
carburizing gas and hydrogen the decarburizing gas. There has been 
some work done on the carburizing and decarburizing equilibrium 
for mixtures of methane and hydrogen, but this has not been as fully 
investigated as the equilibrium for carbon monoxide and carbon 
dioxide. Schenk (9) has investigated this equilibrium of methane 
and hydrogen and Fig. 9 has been taken from his work. Curve “A” 
shows the equilibrium for the reaction CH, 2 C-+-2H, and curve “B” 
shows equilibrium for the reaction 3Fe + CH, — Fe,C + 2H.. 
Examination of Fig. 9 would indicate that at temperatures below the 
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intersection of these two curves mixtures of methane and hydrogen 
in equilibrium with carbon would be decarburizing with respect to 
steel. 

Sykes (10) has investigated the carburizing and decarburizing 
equilibrium for hydrogen and methane on 0.18 per cent carbon steel, 
using natural gas of 80 per cent methane content, as the source of 
methane. He also studied the effect on the equilibrium of increasing 
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% Natura/ Gas in Atmosphere 
Fig. 10—Sykes’ Curves Showing Observed Per 
centages of Natural Gas (80 Per Cent Methane) in 
Atmosphere of Natural Gas and Hydrogen in Equi- 
librium with Steel of 0.18 Per Cent Carbon Content 
at Atmospheric Pressure. 
A—Gas Mixture Deoxidized and Dried. 
B—Gas Mixture Containing 0.6 Per Cent H.O by 
Volume. 
C—Gas Mixture Containing 3.3 Per Cent H.O by 
Volume. 
D—Indicated Concentration in Atmosphere Under 
Ideal Conditions of Heating. 


amounts of moisture. He found that the presence of small amounts 
of moisture increased the percentage of methane required to maintain 
equilibrium very markedly. The curves for the results of this work 
are shown in Fig. 10. 

The carburizing and decarburizing action for various mixtures 
of carbon monoxide and carbon dioxide have been very fully covered 
in the literature. The reason that these mixtures have been so 
thoroughly covered is probably because of their application in the 
blast furnace reactions. Johansson and VonSeth (8) investigated the 
equilibrium with steel of different carbon contents very thoroughly. 
Their experimental method was to pass known mixtures of carbon 
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Fig. 11—Johansson-VonSeth Curves for Equilibrium of Mixtures of Carbon 
Monoxide and Carbon Dioxide with Steels of Different Carbon Content. These 


Curves Were Determined Experimentally Using 60 Per Cent Nitrogen as a 
Diluent. 


monoxide and carbon dioxide over steel borings of known carbon 
content. In all of their work they used 60 per cent nitrogen and 40 
per cent of combined carbon monoxide and carbon dioxide. The 
reason that nitrogen was mixed with the gases was to more nearly 
approximate conditions in the blast furnace. They did, however, 
convert their work to conditions where the total pressure of one 
atmosphere was carbon monoxide and carbon dioxide. Fig. 11 is a 
reproduction of their curves showing the experimental results when 
the combined pressure of carbon monoxide and carbon dioxide was 
0.4 of an atmosphere and the balance nitrogen. Fig. 12 is the same 


as Fig. 11 except that it was converted by them mathematically to 
represent one atmosphere total pressure for carbon monoxide and 


carbon dioxide, and thus represents mixtures of these two gases 
without the diluting effect of nitrogen. 

Schenk (9) investigated the same equilibrium and his equilibrium 
curves are shown in Fig. 13. The equilibrium was also investigated 
by Takahashi (9). Fig. 14 which is plotted a little differently from 
the curves for Johansson-VonSeth and Schenk shows his results. 

From the various investigations on the equilibrium of carbon 
monoxide and carbon dioxide with the carbon content of steel it ap- 
pears evident that there is a definite carbon pressure for each mixture 
of these gases at a given temperature in equilibrium with steel of a 
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given carbon content. While the work of Schenk and Johansson- 
VonSeth did not exactly coincide, they are close enough to indicate 
that the above is true. From the study of Fig. 11 and Fig. 12 it will 
be seen that curves D, and B, in Stansel’s curve (Fig. 8) which are 
figured on a ratio basis are a little misleading. It is necessary when 
considering carburization and decarburization to consider the carbon 
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Fig. 12—Johansson-VonSeth Curves for Equilibrium of Mixtures of 
Carbon Monoxide and Carbon Dioxide with Steels of Different Carbon 
Content. These Curves Show the Equilibrium Without the Diluting Effect 
of Nitrogen and Were Calculated on the Basis of Partial Pressures from 
the Results Shown in Fig. 11. 
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pressure of the gas mixture instead of the ratio as has been done in 
Stansel’s curves. It is probably correct to determine the equilibrium 
for scaling and nonscaling atmospheres on a ratio basis, but it 1s 
necessary in considering the equilibrium for carburization and decar- 
burization to consider the carbon pressure of the gas mixture. It will 
be noticed that the scaling and nonscaling equilibrium determined by 
Matsubara (11) for iron and ferrous oxide is in a different position 
relative to the carburizing and decarburizing lines in Fig. 12 than in 
Fig. 11. In other words, the scaling and nonscaling line has been 
converted on a ratio basis, while the carburizing and decarburizing 
equilibrium lines have been converted on a basis of carbon pressures. 
In Fig. 12 it will be seen that the curve for equilibrium of the 
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reaction 2CO = C + CO, follows very closely the ferrite-cementite 
line of Schenk, and also the cementite-austenite line. It will also be 
noticed that these two lines cross between 1450 and 1525 degrces 
Fahr. (788 and 829 degrees Cent.). At temperatures below the in- 
tersection the mixtures of carbon monoxide and carbon dioxide are 
decarburizing with respect to steels containing excess cementite. 
Above their intersection the curve for the equilibrium 2CO = C + 
CO, is above the cementite-austenite line and in this temperature 
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Fig. 13—Schenk’s Curves for Equilibrium 


of Mixtures of Carbon Monoxide and Carbon 
Dioxide with Steels of Different Carbon Content. 


range steel packed in charcoal should be carburized above eutectoid 
composition if nitrogen is excluded. 


9 
- 





Johansson-VonSeth (8) have plotted against the tempera- 


3 
ture, where C, equals the carbon pressure for the equilibrium of the 


reaction Fe,C = 3Fe + C, and C, equals the carbon pressure for the 
reaction 2CO =z C + CO,. This curve has been reproduced in Fig. 


15. In other words, all temperatures shown on the line for the ratio 
C 


1.0 show the conditions when steel is packed in charcoal and 
C, 
nitrogen is excluded. It will be noticed that charcoal would be 
decarburizing for all steels heated up to a temperature of 1355 de- 
grees Fahr. (735 degrees Cent.) corresponding to point A. As soon 
as the temperature 1355 degrees Fahr. (735 degrees Cent.) corre- 


sponding to point A is reached, the gas would be in equilibrium with 
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t+Alphea 
Ferrite 


Per Cent Carbon in Austenite 


100 


_. Fig. 14—Takahashi’s Isotherms for Varying Percentages of Carbon Mon- 
oxide and Carbon Dioxide in Equilibrium with Varying Percentage of Car- 
bon in Austenite. 
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Fig. 15—Johansson-VonSeth’s Curves for Carbon 
Composition of Steel as a Function of Temperature and 
Ratio of Carbon Pressure (C,) of the Equilibrium for 
Reaction FesC = 3Fe + C to the Carbon Pressure 
(Ce) of the Equilibrium for the Reaction 2CO = C 
+ a 


approximately 0.70 per cent carbon steel. As the temperature is 
increased above point A, the gas would be in equilibrium with in- 
creasing carbon content of the steel until point B is reached, or 1455 
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degrees Fahr. (790 degrees Cent.). At this temperature the austenite 
would be saturated with carbon or eutectoid composition. Above 
point B the gases would be in equilibrium with increasing amounts 
of cementite with austenite. It is the writer's opinion that the 
presence of nitrogen when packing in charcoal has the same effect as 
lowering the carbon pressure of C, or the same effect as lowering the 
“3 
line —=—1.0. 
Cs 
According to the theory of Ragatz and Kowalke (12) the func- 
tion of an energizer in a carburizing compound is to increase the 
percentage of carbon monoxide in equilibrium with carbon and carbon 
dioxide. In other words, the equilibrium for the reaction 2CO = C 
+. CO, is driven to the left by the presence of energizers such as Na 
CO, (sodium carbonate) or BaCO, (barium carbonate). If this 
theory is applied to Fig. 15 the addition of an energizer to charcoal 
C, 

would have the effect of raising the line — = 1.0 and consequently 
C; 

the gas formed would be more carburizing than charcoal alone. 

Fox and White (13) found that the addition of 5 per cent sodi- 
um carbonate to coke increased the percentage of carbon monoxide 
in the manufacture of producer gas. The producer gas reaction is 

C+ 20 2 CO, + 9960 cal. 
CO, + C = 2CO + 38960 cal. 
According to their results they concluded that the function of sodium 
carbonate was to hasten the equilibrium of the reaction 2CO = CO, 
be 

In the opinion of the writer the energizer can be effective partly 
by generating carbon dioxide and driving out some or all of the 
nitrogen from the pot and then go farther by breaking down to pro- 
duce higher percentages of carbon monoxide in the equilibrium 
2CO = C+ CO.,,. 

Several investigators have reported trouble with decarburization 
on high carbon steels when packed in charcoal at the lower hardening 
temperatures. Williams (14) noted that the old practice of harden- 
ing carbon steel die blocks from 1425 to 1450 degrees Fahr. (775 to 
/9%0 degrees Cent.) in a coal fire had the merit of preventing decar- 
burization of the surface. He also found that placing the die blocks 
tace down on a pan of charcoal did not prevent decarburization and 
recommended that a carburizing compound be used. He noted that 
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Fig. 16—Surface Decarburization on 0.84 Per Cent Carbon Steel Heated for 8 Hours 
at 1450 Degrees Fahr. Packed in Charcoal. Depth of Decarburization to Disappearance 
of Ferrite 0.0138 Inches. X 100. 

Fig. 17—Surface Decarburization on 0.84 Per Cent Carbon Steel Heated for 8 
Hours at 1450 Degrees Fahr. Packed in Charcoal Which Had Previously Been Dried by 
Heating to 350 Degrees Fahr. for 20 Minutes in an Air Draw Furnace. Depth of De- 
carburization to Disappearance of Ferrite 0.0108 Inches. X 100. 


the metal is not hot enough, nor heated for a long enough time to be- 
come carburized to any noticeable extent. Curran and Williams (15) 
investigated decarburization in charcoal and found that the addition 
of 3 to 5 per cent sodium carbonate to the charcoal gave satisfactory 
protection for pack hardening of tool steel. 

The writer has also had a similar experience in hardening die 
blocks when the die faces were packed in charcoal. This prevented 
scaling, but the surface was decidedly decarburized because of the 
long time at temperature. 

Some tests were made for decarburization on small samples of 
trimmer die steel packed in charcoal and carburizing compound. The 
analysis of the steel was: carbon 0.84 per cent, manganese 0.43 per 
cent, phosphorus 0.017 per cent, sulphur 0.029 per cent, silicon 0.60 
per cent. The results of this investigation are shown in Figs. 16, 17, 
18, and 19, All of the samples were heated to 1450 degrees Fah. 
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Fig. 18—Surface Decarburization on 0.84 Per Cent Carbon Steel Heated for 8 
Hours at 1450 Degrees Fahr. Packed in Charcoal Which Had Previously Been Dipped in 
Water. Depth of Decarburization to Disappearance of Ferrite 0.0138 Inches. X 100. 

Fig. 19—Surface of 0.84 Per Cent Carbon Steel Heated for 8 Hours at 1450; De- 
grees Fahr. Packed in a Carburizing Compound. The Sample is Apparently Neither 
Decarburized Nor Carburized. > 100. 


(790 degrees Cent.) for eight hours and the pots were then removed 
from the furnace and allowed to cool on the floor. The pot consisted 
of a 4-inch length of 3-inch pipe threaded on each end and fitted 
with caps. Care was taken to remove any previous decarburization 
on the steel samples by cutting them from the center of the bar. 
The sample in Fig. 16 was packed in charcoal which had been 
stored in a bag in the heat treating room. The sample shown in 
lig. 17 was packed in the same charcoal which was heated in an air 
drawing furnace to a temperature of 350 degrees Fahr. (180 degrees 
Cent.) for twenty minutes to drive off some of the moisture. It is 
interesting to note that the sample was decarburized, although it is 
evident that the carbon did not drop quite as low on the outside 
surface. The sample in Fig. 18 was packed in the charcoal which 
had been dipped in water, and the water allowed to drain off. This 
sainple shows some very interesting results. The band of almost 
pure ferrite at the outside surface is typical of the decarburization 
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caused by moist hydrogen. It is probable that this pure ferrite band 
was caused by decarburization with moist hydrogen formed by the 
reaction 2H,O + C22H,+CO,. This shows the extreme care 
which must be taken to remove all moisture from the atmosphere 
even in the presence of carbon. 

The depth of decarburization in Figs. 16, 17, and 18 is very 
interesting. The depth of decarburization was measured by placing 
the samples on a metallographic camera and measuring the distance 
from the surface to the point at which the ferrite disappeared. In 
Figs. 16 and 18 the depth of decarburization was the same or 0.0138 
inch even though Fig. 18 had a wide band of ferrite at the surface. 
In Fig. 16 the depth of decarburization was 0.0108 inch, or less than 
the other two even though they were all in the furnace at the same 
time. 

Fig. 19 was packed in a commercial carburizing compound. This 
particular compound is recommended for use in producing a case of 
approximately eutectoid composition. The approximate composition 
is charcoal 50 per cent, coke 20 to 25 per cent, BaCO, 12 to 16 per 
cent, NaCO, 2 to 5 per cent, moisture 2 to 5 per cent max. and the 
balance binder. It is interesting that this particular sample does not 
appear to have lost carbon nor to have increased in carbon at the sur- 
face. In other words, it appears that the ratio of carbon monoxide and 
carbon dioxide gases were about in equilibrium with this particular 
steel. 

This suggests the possibility of having carburizing compounds 
with varying amounts of energizer to be used for pack hardening 
steels of different carbon content. 

It was also noted that on none of the four samples was there 
any scale formed. The three samples heated in charcoal were as 
bright as when they were put in, and the sample which was heated 
in the carburizing compound was covered with a soot deposit. It is 
not known whether this soot was deposited at the furnace tempera- 
ture, but it is the opinion of the writer that it was formed during the 
cooling because as the temperature drops the reaction 2CO = CO, 
+ C is driven toward the right. In other words, as the temperature 
is lowered the percentage of carbon monoxide in equilibrium with 
carbon dioxide and carbon decreases. 

Samples of the same steel were heated in the various compounds 
for eight hours and quenched in water directly from the pot. It was 
noticed that the sample which had been heated in the carburizing 
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compound cracked in quenching, whereas those heated in charcoal did 
not. This suggests the possibility that a slight decarburization at the 
surface is helpful in the prevention of quenching cracks which start 
from the surface. This, of course, would not be true of circumfer- 
ential quenching cracks. 
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Fig. 20—Bramley and Allen’s Curve for Decarburiza- 
tion with Three Different Gas Combinations on 1.08 Per 
Cent Carbon Steel Heated for 20 Hours at 1830 Degrees 
Fahr. (1000 Degrees Cent.). 

@ Decarburization with 10.15 Liters Dry CO and 4.35 
Liters Dry CO, Per Hour. 
O Decarburization with 7.25 Liters Dry CO and 7.25 
Liters Dry CO, Per Hour. 
Decarburization with Nitrogen Saturated with Water 
Vapor at 65 Degrees Fahr. 
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MECHANISM OF DECARBURIZATION 


Bramley and Allen (16) conducted many experiments on decar- 
burization and concluded that decarburization occurred first at the 
surface and then the carbon diffused outward to replace the carbon 
lost at the surface. They concluded that decarburization followed 
Ficks Law for diffusion in solids. This means that the carbon dif- 
fuses from an area of high carbon concentration to an area of low 
carbon concentration in much the same way as heat is transferred 
irom an area of high temperature to an area of lower temperature. 

Micks Law has been stated mathematically by the differential 

an? d*¢ 
equation == K where ¢ is the difference between the con- 


dt dx? 
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centration of carbon at the surface and that existing at a depth x 
below the surface after the time of decarburization t. K is a con- 
stant for each temperature and is known as the diffusivity constant, 
The diffusivity constant K increases very rapidly with increase in the 
temperature. 

They decarburized with three different combinations of gases at 
1830 degrees Fahr. (1000 degrees Cent.) for twenty hours and 
found that the change in carbon content from the surface toward the 
center in all three samples fell on the same curve. This investigation 














§ | 

Ro x 

S Hydrogen Saturated 

* (th Water Vapor at 64°F. 
S 

C 

Y 


Distance Below Surface ,mm. 


Fig. 21—Bramley and Allen’s Curves for Decarburiza- 
tion of 1.08 Per Cent Carbon Steel Heated for 20 Hours at 
2010 Degrees Fahr. (1100 Degrees Cent.) in Hydrogen 
Atmospheres. 


was conducted on 1.08 per cent carbon steel and the curve was deter- 
mined ‘by analyzing the turnings for carbon from each successive 
0.005-inch cut from the outside diameter of the sample. The results 
of this investigation are shown in Fig. 20. 

They also conducted tests on 1.08 per cent carbon steel in wet 
and dry hydrogen at 2010 degrees Fahr. (1100 degrees Cent.) for 
twenty hours. They found that both wet and dry hydrogen followed 
Ficks Law fairly well at this temperature. The results of these tests 
are shown in Fig. 21. 

In the writer’s opinion the reason that the wet hydrogen followed 
Ficks Law in this case was because the temperature was so high 
that the migration of carbon toward the surface was faster than the 
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X penetration of hydrogen from the surface. Fig. 18 which was decar- 
- ; burized by heating in wet charcoal for eight hours at 1450 degrees 
t. Fahr. (790 degrees Cent.) is typical of ordinary decarburization with 
e moist hydrogen at the lower heat treating temperatures. It is evident 
from this figure that decarburization with moist hydrogen in this 
t case did not follow Ficks Law. As pointed out by Austin (5) this 
d type of decarburization must take place by a reaction with the carbon 
e within the steel as well as at the gas-iron interface. 
n There has apparently been more trouble with extreme softness 


at the surface due to decarburization around 1450 to 1550 degrees 
Fahr. (790 to 845 degrees Cent.) than at higher temperatures. The 
probable reason for this is that in the products of combustion of fuel- 
fred furnaces there is hydrogen and water vapor present and this 
combination removes the carbon faster than it can be replaced by mi- 
eration to the surface. At the higher temperatures such as in forging, 
the steel is usually scaled quite rapidly and also at these temperatures 
the carbon migrates to the surface more rapidly. This causes a more 
eradual decrease in carbon content from the center to the surface, 
although the depth of decarburization and total loss of carbon would 
be considerably greater. In most cases, however, a few points de- 
crease in carbon at the surface is not found particularly objectionable. 
The writer does not, however, intend to imply that decarburization 
does not occur at the higher temperatures because with long soaking 
at the higher temperatures it is possible to get very bad decarburiza- 
t10n. 
OUTLINE OF SOME OF THE MeEtTHops Beinc USED 


For THE PREVENTION OF DECARBURIZATION 


During the last few years the furnace manufacturers have 


e brought out several methods of producing controlled atmospheres. 
s In most of the cases, however, the atmosphere was for the purpose 
of bright annealing and the only reference made to decarburization 
t is that it is to be used for bright annealing low carbon steel. 
fr : 3ased on the work of Austin (5) electric furnaces have been 
d designed for bright annealing high carbon strip without loss of car- 
$ | bon. This type of furnace has been described by Roth (17). The 
atmosphere is prepared from dissociated ammonia by drying the 
d hydrogen and nitrogen mixture. The gas is introduced into the 
h turnace with the small but critical amount of water vapor which 


( Austin (5) found prevented decarburization. 
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Table Il 
Carbon Near Surface of Drill Rod 


Rockwell B 








Position Hardness "Surface Carbon aS 

in Charge After Anneal ————Before Annealing———,__,- After Annealing . 
A 90 to 91 0.97 1.14 b's! fs 0.93 1.02 ie eva 
B 8Y to 91 0.88 1.12 ..i2 ba 1.02 1.09 1.15 1.17 
e 90 to 92 1.02 a2 tats eee 1.11 1.13 av i< ao 
D 88 to 90 1.01 1.16 1.17 1.20 1.06 SF 1.16 1,17 
E 92 ta 94 0.90 1.13 ee cote 0.97 1.06 ee 

l 1.12 


F 89 to 91 0.93 14 1.19 1.19 1.04 


Roth (17) conducted tests in one of these furnaces on %-inch 
round hot-rolled high carbon drill rod, annealing just above the 
lower critical temperature. The results were checked for decarburiza- 
tion by analyzing for carbon on successive 0.005-inch cuts from the 
outside diameter. His results are shown in Table II. These results 
show that this atmosphere was not decarburizing; in fact, the carbon 
was increased at the surface. The steel before annealing was slightly 
decarburized, and after annealing the carbon had migrated from the 
center to the surface, replacing some of the carbon which had previ- 
ously been lost. 

Another method, finding commercial application, for the preven- 
tion of decarburization has been described by Oliver (18). This 
method is to mix gas with a deficiency of air and heat to a high 
temperature in a separate unit to partially burn the gas and crack the 
hydrocarbons. The gas is then dehydrated by cooling to a low tem- 
perature to obtain the desired humidity. The resulting gas is then 
passed into the heating chamber of a radiant tube furnace or into 
tubes passing through the heating chamber of a gas furnace. In the 
latter case, as described by Oliver (18), the prepared gas and the 
work pass through the tubes in the same direction to prevent coking 
of the soot deposited on the work. 

Another method being used commercially for prevention of scal- 
ing and decarburization is to prepare a protective atmosphere by 
heating a light oil. In this method the oil is dripped into a high 
temperature chamber to vaporize and crack the oil. The resulting 
gas is then passed into the heating chamber of an electric furnace. 

Another method being used successfully on some steels and at 
some temperatures is to drip methanol (commercial wood alcohol) 
into the heating chamber of an electric furnace. 

The use of cyanide baths for the reheating of carburized parts 
to hardening the case is probably the most widely used method of 
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preventing scaling and decarburization. While this method adds 
carbides and nitrides to the surface, it is the opinion of the writer 
that its use is principally to prevent loss of carbon at the extreme 
surface of the steel where the wear will be the greatest. 

The use of spent carburizing compound for pack hardening is 
also being used as a practical method of preventing decarburization. 

Reheating for hardening is also being done in rotary continuous 
gas carburizing furnaces. Since the temperature used for hardening 
is lower than the carburizing temperature it is doubtful if much car- 
bon is picked up by the steel, especially on the higher carbon steels. 


CONCLUSIONS 


While most of this paper is a review of the previous work done 
on the subject of decarburization, the following conclusions may be 
made: 

1. Decarburization is more rapid at the ordinary hardening 
temperatures when gas furnaces are operated on the reducing side. 
This is probably due to the presence.of moist hydrogen. It cannot be 
due entirely to the protection of the scale formed in the oxidizing 


atmosphere because the depth of decarburization in the reducing at- 
mosphere is deeper than the thickness of the scale formed in, the 
oxidizing atmosphere. 

2. Most methods of preventing the formation of scale increase 


rather than decrease decarburization. 


3. There is a definite mixture of CO and CO.,, and CH, and H, 
in equilibrium with the carbon content of steel at each temperature 
in the heat treating range and above. 

4. Charcoal decarburizes steel at 1450 degrees Fahr. (790 de- 
grees Cent.) and the presence of moisture increases the loss of carbon 
at the surface. 
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DISCUSSION 


Written Discussion: By E. E. Slowter and B. W. 
Memorial Institute, Columbus, Ohio. 

Mr. Webber’s paper is most valuable in bringing out the present diff- 
culties in annealing high carbon steels without scaling and without decarburi- 
zation. Of particular importance was the author’s emphasis on: (1) The 
acceleration of decarburization by moisture, (2) the great differences between 
atmospheres which merely prevent scaling and those which prevent both 
scaling and decarburization, and (3) the equilibria which must be maintained 
to prevent decarburization. 

There is one point, however, on which we feel that further emphasis is 
required, for it points the direction which future work must take. This has 
to do with the effects of COs in steel-treating atmospheres. Mr. Webber 
stated, “Carbon dioxide has been found to be slightly decarburizing.” This 
in itself is undoubtedly a true statement, but the important point is that 
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CO; is usually associated with other gases with which it can react. The 
product or products of these reactions may cause far more decarburization than 
the original CO2 could have caused alone. 

The usual partly burned gas as delivered from any of a number of 
common types of gas-producing machines contains: CO, CO2, H:, CHs, H:O 
and Ns The evil effects of H.O in accelerating decarburization are compara- 
tively well known and this is usually carefully removed when the prevention 
of decarburization is desired. However, this dried gas, upon reaching the 
heat treating furnace, reacts within itself as: 


CO: + H:s— CO + H.O. 


This reaction undoes most of the benefits of the drying operation, for 2 to 3 
per cent of H:O vapor may be formed by this reaction. In other words, from 
the standpoint of decarburization, a dried partly burned gas which contains 
CO. is really no better than, and potentially contains as much water vapor 
as, one which is saturated with water vapor at room temperatures. Hence, 
nondecarburizing, nonscaling atmospheres for high carbon steels, which 
atmospheres are derived from partly burned gases, must avoid CO: equally 
as well as HO. 

Written Discussion: By J. A. Dow, engineer, Holcroft & Co., Detroit. 

We have read this very excellent paper of Mr. Webber with a great 
deal of interest and are happy to have an opportunity to comment on it. 

We are glad that Mr. Webber has made it so clear that there is a range 
of atmospheres that will not scale iron but will actively decarburize medium 
and high carbon steels. He has, however, left the impression that a simple 
inexpensive nondecarburizing gas has yet to be developed commercially. 

Such a gas is very simply made by passing air or products of combus- 
tion through a heated bed of charcoal or carburizing compound and has been 
successfully applied to several continuous furnaces, handling both carburized 
and medium carbon parts into either an oil or water quench. 

It has been our experience that if the conditions of equilibrium of the 
two following reactions are met, that all other factors can be neglected. 
[hese reactions are the well known reactions that take place in a gas producer. 


(2) C+ H,0 CO + H: 


It will be observed according to reaction (2) that hydrogen additions 
will decrease the tendency toward decarburization and will permit the presence 
of more water vapor. 

Apparently in the mechanism of decarburization by moist hydrogen, the 
hydrogen plays but a very minor role, and the water vapor, rather, is the chief 
offender. 

Commercially, we find that for high carbon steels, to be hardened free of 
decarburization, neither water vapor nor CO, can be permitted to exceed the 
calculated values of equilibrium with carbon, according to the above two 
reactions, for the operating temperature. 

On medium carbon steels, as the curves in Mr. Webber’s paper would 
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dioxide, and for this purpose a rich mixture of gas and air cracked and 
refrigerated to 33 or 34 degrees Fahr. is completely satisfactory and is being 
successfully used in half a dozen or more continuous furnaces. 

The “charcoal” gas first described is being slightly enriched by the 
addition of one or two per cent of propane and is being used to add a 0.006 to 
0.008 of an inch of case to automobile transmission gears formerly cyanided, 
Approximately 10,000 cars a day are now being built with gears so hardened. 

The results obtained have been previously described by R. B. Schenck jn 
S.A.E. Journal, June 1936, and in the October 1937 issue of METAL Procress 
by O. N. Peterson, page 337. 

Written Discussion: By E. O. Mattocks, assistant eastern representative. 
Phillips Petroleum Co., Philgas Department, New York City. 

Mr. Webber’s paper is very valuable in that it attacks the decarburizing 
problem from another angle. 

As brought out in this paper and as presented in a paper before the 
A.G.A. convention, September 1937, there are considerable advantages in the 
simple procedure of adjusting gaseous furnace atmospheres, slightly oxidizing, 
preferably with about one-half of one per cent oxygen in the products of 
combustion. A possible reason for this may be found from the recent research 
work done under the auspices of the Committee on Industrial Gas Research of 
the A.G.A. A premixed burner requires about one-half of one per cent 
excess oxygen to eliminate all of the hydrogen, in the products of combustion 
at temperatures normally encountered in heat treating work. If less than this 
amount of oxygen exists in the flue products, hydrogen associated with water 
vapor, as well as carbon monoxide, will be present in varying quantities. The 
scale formed by such an oxidizing atmosphere containing one-half of one per 
cent oxygen is generally easily removed and usually leaves a surface with a 
carbon content very close to its original composition. If a very small amount 
of scale can be tolerated this offers an easy solution to many decarburizing 
problems. 

Written Discussion: By O. W. McMullan, metallurgist, Youngstown 
Sheet and Tube Co., Indiana Harbor Works, East Chicago, Ind. 

It is a distinct service to those engaged in the heat treating of steel to have 
the data from various investigators well assembled in one paper as has been 
done by the author. It is of particular value to have stressed the fact that 
atmospheres ordinarily considered as neutral or even carburizing may become 
decarburizing as shown in Figs. 9 and 12. These curves explain decarburization 
that may occur in gas or solid compound carburizing if the cooling rate is too 
slow through certain temperature zones as sometimes occurs in counterflow 
furnaces. The effect is well illustrated in the latter part of the paper on stee! 
heated in charcoal. 

To some of us engaged in the practical side of the heating of steel, the 
meaning of theoretical curves may not be readily obvious. In many cases, 
those familiar with curves are not in charge of furnace operations and vice 
versa. It is common knowledge of course that the effect of temperature alone 
is to decompose carbon-bearing gases and produce carbon deposits in the form 
of soot or coke but it is not so clear in what way this may influence the carbon 
content of steel introduced into such gases. The equilibrium conditions at 4 












1938 DISC 


given tempe 
steel behave: 
Fig. 9, for : 
affected. H 
burize at al 
above the p 
the reaction 
take place a 
the curves | 
one tempera 
the ferrite-c 
tion is corr 
Fig. 9. If 
would not t 
the equilibr: 
burizing ra 
totality of 
may be, at 
Does tl 
position for 
then presen 
and above 1 
Does tl 
might be p 
same carbo! 
at temperat 
Perhap 
be remarke 
nically incl 
in this pap 
so because 
little too de 
the writer | 
The at 
different m 
which the 
more scale, 
fred furna 
operating v 
of furnace 
the possibil 
Writt 
Laboratori 
The at 
and has gi 
he st 
ing a sligh' 
in the redt 









































1938 DISCUSSION—ATMOSPHERES AND DECARBURIZATION 543 


given temperature are disturbed when iron is present and the carbon in the 
steel behaves differently from free carbon. If this were not true and curve B in 
Fig. 9, for example, coincided with curve A, carbon in the steel would not be 
affected. Had B been above A at all temperatures the steel would not car- 
burize at all as the hydrogen liberated from the breakdown of CH, would be 
above the percentage necessary to combine with the carbon in FesC and throw 
the reaction to the left. If curve B were entirely below A, carburization would 
take place at all temperatures permitting diffusion in the steel. It is only when 
the curves cross, as is actually the case, that carburization may take place at 
one temperature and decarburization at another. The same might be said for 
the ferrite-cementite and 2CO=@C + CO, curves in Fig. 12. If this interpreta- 
tion is correct the writer would like to inquire about the fork in curve B in 
Fig. 9. If the upper branch represents conditions obtainable, carburization 
would not take place at the temperatures shown. Also is the distance between 
the equilibrium curves such as A and B a measure of the carburizing or decar- 
burizing rate of austenite at temperatures permitting rapid diffusion or of 
totality of decarburization or concentration of excess cementite, as the case 
may be, at lower temperatures? 

Does the amount of carbon in the steel have any influence on the gas com- 
position for equilibrium conditions below the critical range since the carbon is 
then present as FesC and not more or less diluted in austenite as it is within 
and above the critical range? 

Does the author consider that Fig. 12 completely shows the condition that 
might be possible within the critical range when the austenite might have the 
same carbon content over a considerable spread of total carbon content, that is, 
at temperatures when free ferrite still remains? 

Perhaps the author can explain the value of Fig. 15 more fully. It ‘may 
be remarked here that an inquiry among several men even more or less tech- 
nically inclined and in a position to use the information contained in curves 
in this paper (and other published curves as well) indicated they will not do 
so because the curves and the explanations given leave the information buried a 
little too deep for them to uncover. Considering the nature of this symposium, 
the writer hopes the request for further explanation is not out of place. 

The author mentions the hardness of gear teeth heated for hardening by 
different methods. The writer has known a number of commercial plants in 
which the opposite has been found, that is, an electric furnace will produce 
more scale, decarburization and soft skin than a properly controlled oil or gas 
hired furnace. The operators of those furnaces considered that they were 
operating with a smoky oil flame or rich side gas flame but no actual analyses 
of furnace gases were taken. Perhaps the explanation of the difference lies in 
the possibility that the furnace gases were not actually reducing as supposed. 

Written Discussion: By W. E. Jominy, General Motors Research 
Laboratories, Detroit. 

The author has balanced the theoretical and practical aspects of the subject 
and has given us an excellent resume of the work accomplished in this field. 

he statement is made that scale formed on steel in an atmosphere contain- 
ing a slight excess of oxygen is of a loose type and is easily knocked off, while 
in the reducing atmosphere the scale is of the tight clinging kind. This state- 


544 TRANSACTIONS OF THE A. S. M. June 


ment has been made a number of times and seems to be common commercia! 
experience. Often when a steel is quenched in oil it is possible to wipe the 
scale off after the quench and at other times this is impossible and remoya| 
becomes a problem. Some steels seem more prone to form tight scale than 
others. So far as I know, technical investigations have never been made of 
this phase of the study of scaling. It does not seem that it would be so difficult 
to investigate the formation of scale which can be easily removed and there 
may be some unexpected results from such an investigation. 

The author has brought out quite clearly that scale of a certain type often 
impedes decarburization. It seems that atmospheres that form no scale and 
still are decarburizing produce the deepest decarburization. Moist hydrogen 
and moist nitrogen have been mentioned in this connection by the author. My 
experience has been that a partial vacuum, though it will give a very little scale, 
will produce definite decarburization. A partial vacuum giving a pressure of 
oxygen of one millimeter of mercury will give more decarburization at 1600 
degrees Fahr. in one hour’s time than is obtained in atmospheric air under the 
same conditions. Also if steel is heated in nitrogen containing one per cent of 
oxygen at atmospheric pressure it will decarburize much deeper at 1600 degrees 
Fahr. than would the same steel in air of the same temperature. A pure dry 
nitrogen atmosphere with as little as 0.1 per cent oxygen will produce more 
decarburization than air and it is consequently well to keep this point in mind 
in annealing samples in nitrogen to avoid decarburization. 

One of the means used to prevent decarburization is to copper plate the 
areas which are to be protected. Where this expedient is possible it is well 
to heat in an atmosphere free from oxygen as copper is quickly oxidized by free 
oxygen. Has the author had any commercial experience with this method of 
preventing decarburization ? 


Oral Discussion 


J. A. Wepper replies: I believe that the written discussion would be best 
replied to in writing. I would, however, like to reply to the written discussion 
by Mr. Slowter and Mr. Gonser who have pointed out that in the atmosphere 
produced by incomplete combustion of gas that the carbon dioxide and hydro- 
gen react again together to form carbon monoxide and water. They point out 
that the water vapor produced by this reaction makes the gas again decarburize. 
This is a very important contribution, and I would like to thank these men very 
much. 


Author’s Closure 


The author wishes to thank Mr. Dow for his discussion of the paper and 
especially for calling attention to the successful commercial production and 
use of a gas for scale-free hardening which can be used on medium and high 
carbon steels without decarburization. Mr. Dow is to be complimented for 2 
valuable contribution to industry in developing this process. 

The author was glad to have Mr. Mattocks further emphasize the advan- 
tages of operating open fired gas furnaces slightly on the oxidizing side. 

Mr. Jominy has added some very valuable information to the subject of 
decarburization in his previous investigations and his contribution to the author's 
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4] paper is very much appreciated. While the author has had no commercial 
le experience with copper plating in the prevention of decarburization, it should 
a] be of considerable value in certain applications. 
n Mr. McMullan has brought out several interesting points in his discussion. 
vf The author agrees that much of the information given in this paper is too 
lt deep to be of value except to the very technically inclined. It would also be a 
re mistake to place much confidence in the accuracy of the data in the equilibrium 
curves since they do not even agree with each other. One example of the 
n danger in placing too much confidence in the accuracy of the curves is the 
d fork in curve B of Fig. 9. Because the results were erratic in this temperature 
) range, two curves were plotted. The author does feel, however, that the 
y curves are of value in explaining why carbon is deposited when an atmosphere 
e. is cooled which had previously been in equilibrium. They also show how an 
of atmosphere can be decarburizing even though free carbon or soot is deposited 
) on the steel. The explanation in this case being that the atmosphere was 
1e supersaturated with carbon and on coming in contact with the steel precipita- 
f tion of carbon occurs until equilibrium is reached. When the resulting equi- 
as librium gas mixture is decarburizing we have the condition of soot being de- 
"y posited and decarburization occurring at the same time. 
re It is the author’s opinion that equilibrium conditions between the atmos- 
id phere and the carbon content of the steel do not exist below the A, line but 
that they do exist between the A: and the A; line. Some recent tests at 1450 
ie degrees Fahr. under equilibrium conditions. for the reaction 2CO =< C + CO, 
i! show high carbon steel is decarburized to about 0.55 to 0.60 per cent carbon 
” and low carbon steel is carburized to about the same carbon content. This 
of temperature, of course, 1s between the A; and A; lines where free ferrite still 


remains. Between the A: and Aem lines, however, it appears likely that} de- 
carburization can remove the excess cementite but that in carburization ce- 
mentite will not be diffused into the steel above the amount which will be in 
solution in the austenite at the temperature used. Instead the excess cemen- 


TY 


tite will be built up in a thin skin at the surface. 








STEELS USED IN THE CARBURIZING PROCESS 





By O. W. McMULLAN 


Abstract 


The reasons for which carburizing steels are used dic- 
tate their compositions. The first and most important 
requirement of a hard wear-resistant surface and tough 
core in a case hardened steel demands a low carbon steel 
for carburizing. Higher carbon may be permissible or 
even desirable for some requirements. Processing opera- 
tions and case characteristics limit the steels to plain car- 
bon and moderately low alloy contents. 

The general requirements of carburizing steels are: 
(1) ability to absorb carbon at the usual carburizing tem- 
peratures at a reasonable rate, uniformly, and to a suf- 
ficiently high carbon content; (2) to harden satisfactorily 
in a quenching medium suitable for the article quenched 
and without undue distortion; (3) reasonable strength 
and toughness after carburizing and hardening; (4) 
satisfactory machinability for the machining process 
used. 

The effect of composition of the steel and its re- 
lationship to design, size of parts, and proportion of case 
to core; the effect of quality of the steel, and the effect 
of grain size on the above four requirements are discussed 
in detail. Medium carbon steels for light case methods 
are mentioned. General properties of carbon and alloy 
compositions and their applications are included. 


INTRODUCTION 


HE reasons for which steels are carburized suggest the kinds 

of steel that would be used for the purpose. Carburized steels 
are always used in the heat treated condition and as such are termed 
case hardened. Case hardened steels are employed to meet the re- 
quirements of a very hard wear-resistant surface and at the same 
time a considerable degree of toughness in the core. Toughness 
in the core is obtained by keeping the carbon low, so for most pur- 
poses that element will be found below 0.25 per cent. Sometimes, 





A paper presented as part of the Symposium on Carburizing presented at 
the Nineteenth Annual Convention of the American Society for Metals held in 
Atlantic City, October 18 to 22, 1937. The author is associated with the metal- 
lurgical department, Youngstown Sheet and Tube Co., Indiana Harbor Works, 


East Chicago, Ind. 
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however, a great degree of toughness is not required, but for other 
reasons the carbon content may be desired low. Steels of low 
carbon content require less expensive annealing operations to pro- 
mote ease of machinability or may be cold formed into special 
shapes with greater ease and for these reasons a case hardened 
part may be less expensive than a similar part made of high car- 
bon steel. Where a moderate degree of toughness is satisfactory 
and high surface hardness is required, special carburizing processes, 
such as with molten baths, may be used on medium carbon steels 
to eliminate the longer and more expensive pack carburizing methods. 
Steels of high alloy content are not only more expensive in first 
cost and to machine but may also have other undesirable charac- 
teristics, such as forming excessive amounts of austenite in the case 
when quenched or massive carbides not desired in a processing 
operation or in service, or they might carburize very slowly. These 
general requirements for carburizing steels limit their chemical com- 
positions to plain carbon or moderately low alloy steels of low car- 
bon content or, in more special applications, to medium carbon 
content. 


GENERAL REQUIREMENTS OF THE STEEL 
To be used for carburizing, the steel must, of course, absorb 
carbon when heated in contact with carbonaceous materials but it 
must also do so at a reasonable rate, uniformly, and reach a suf- 
feiently high carbon content to harden satisfactorily. Since car- 
bon is soluble in alpha iron to only a very limited extent, steels 
must be in the gamma form at the carburizing temperatures. Several 
alloying elements close the gamma loop, that is, prevent formation 
of gamma iron when steel is heated, and produce ferrite, or alpha- 
delta steels. Only 1 per cent or less of aluminum, between 1 and 2 per 
cent of vanadium or about 2 per cent of silicon is required in 
pure iron.* Even less slows the rate and raises the temperature 
of carbon absorption. Other elements normally present change 
the percentages mentioned above as may be shown by the fact 
that it is possible to add carbon to nitriding or high speed steels 


by carburizing. High silicon steels would be unsatisfactory for the 
additional reason that silicon promotes graphitization with high car- 
bon contents. The fact that an element promotes gamma iron for- 
mation does not mean, however, that the rate of carbon absorp- 


Metals Handbook, 1936 edition, p. 249, 281 and 288. 
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tion is increased because nickel, for example, decreases somewhat 
the rate of carburizing. Neither do small amounts of the gamma 
loop closing elements slow up carburizing as the usual amounts of 
chromium or vanadium found in carburizing steels appear to in- 
crease case depth in a given time. These and other behaviors of the 
added alloying elements, together with economic considerations, 
limit the total alloy content to a maximum of 5 or 6 per cent 
such as in S.A.E. 2515 with 5 per cent nickel or Krupp with ap- 
proximately 4.00 per cent nickel and 1.50 per cent chromium. In 
addition to the purposely added alloying elements certain impurities 
also, notably dissolved iron oxide and phosphorus, influence the rate 
and uniformity of carbon absorption. 

The next essential requirement after carburizing is that the 
case must harden satisfactorily in the quenching medium suitable 
for the part quenched. Many case hardened parts are used where 
distortion must be held to a minimum and wear resistance must be at 
a maximum. Water quenching is unsuitable for such parts as thin 
gears of intricate design and they must be oil-quenched to decrease 
the amount of distortion. Consequently, plain carbon steel, which 
will not harden sufficiently in oil, cannot be used and an allo) 
steel must be employed. Alloy steels also distort a certain amount 
and it may be desirable to quench the steel directly from the car- 
burizing box or give it a single reheat. Such treatments also de- 
crease scaling and carburization. A _ steel for direct quenching 
might not be satisfactory if the alloy content were such as to 
retain excessive amounts of austenite. Steels for reheated parts not 
to be ground after hardening would not be the most satisfactory 
if their critical temperatures were very high unless heated in con- 
trolled atmospheres or other media that decrease decarburization. 
Abnormal steels which develop soft spots in the case would not 
be satisfactory for many applications. 

After carburizing and hardening, the steel must have reason- 
able strength and toughness. These requirements involve the char- 
acteristics of the core as well as the case. To have suitable strength 
in tension, bending, shear, and torsion or resistance to crushing 
of the case, particularly if the case is thin or occupies a rela- 
tively small portion of the cross section, the core must be high 
enough in carbon to possess the required strength, and alloying 
elements may be necessary also in highly stressed parts or in large 
sections to develop the required hardness on quenching. On the 
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other hand, carbon in the core must not be too high or the core 
hardness will be too great, resulting in brittleness, defeating one of 
the fundamental aims in using case hardening instead of high car- 
bon steels. Another factor having pronounced influence on the 
toughness is the grain size of the steel. Fine-grained steels, es- 
pecially in the low temperature single treated condition, are much 
tougher than coarse-grained steels. 

The steel must have satisfactory machining properties for the 
process used in machining even at the partial sacrifice of certain 
other desirable properties. This sacrifice should, of course, be kept 

mind in choosing the application for the steel, or in the design 

the parts so they will meet the strength and shock resistance 
requirements. Production or cost requirements may make it de- 
sirable to machine parts for case hardening on single or multiple 
spindle screw machines. It may be possible to anneal some 
f the lower alloy steels so that they can be machined in this 
manner but frequently open-hearth, or even Bessemer, screw stock 
is used because of its superior machinability. Although desirable 
for their high strength, carburizing steels of high alloy content 
may be unsuitable for difficult machining operations such as gen- 
rating spiral bevel gear teeth or worm threads before carburizing 
r drilling or otherwise machining uncased portions after heat treat- 
ing. The carbon content of the higher alloy steels must be kept 
w so that they can be annealed soft enough to machine without 
excessive tool cost. 

These general requirements will be discussed more fully under 
various headings but only in so far as they affect the selection of 
steels for carburizing purposes. 


QUALITY OF THE STEEL 


The presence of impurities and other defects may greatly affect 
the ability of a steel to meet any or all of the requirements just dis- 
cussed, that is, carbon absorption, hardenability, strength and tough- 
ness, and machinability. Sulphides and silicates have little if any 
nfluence on the rate or uniformity of carbon absorption during 
carburizing. Fig. 1 shows the carburized case of open-hearth screw 
stock, S.A.E. 1120. Notice that the structure is normal and sulphides 

rain boundaries are closely surrounded by cementite. Dissolved 

oxide and perhaps phosphorus do affect the character of the 
If a badly banded steel, or one containing the phosphorus ghost 
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Fig. 1—Carburized S.A.E. 1120. %* 100. Note Normal Structure and Cementite 
Closely in Contact with Sulphide Inclusions. 


Fig. 2—Junction of Case and Core in Banded Steel. X 75. 4 Per Cent Nital 
Etchant Used for all Microstructures Shown in this Paper. 
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Fig. 3—Abnormal Steel Carburized. x 100. 
Fig. 4—Same as Fig. 3. X 500. 


lines, is carburized and cooled slowly, upon examining the structure 
microscopically in an area where the bands run across the case, as in 
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Fig. 2, the irregularity in case depth becomes plainly evident. Fingers 
of lower carbon content extend into the case from the core and the 
outer layers may show abnormality with divorced pearlite and ferrite 
areas surrounding the carbide. Whether such a structure is due to 
uneven carbon absorption or diffusion during cooling may be a matter 
of dispute but the practical result is to cause soft spots on harden- 
ing. It may also be questioned as to whether ghost lines are due to 
high phosphorus areas or high dissolved iron oxide content in the 
same bands. In attempting to get an illustration of this condition 
several samples of Bessemer. pipe steel containing about 0.1 per cent 
phosphorus were carburized but a saturated case was not obtained in 
any of them except at the corners even up to 16 hours carburizing 
time. A satisfactory case was obtained on samples of other types of 
steel in the same container. 

Alumina or other very finely dispersed insoluble material also 
may have an indirect effect on carbon absorption or diffusion. Such 
finely dispersed particles cause the grains to remain small at the 
carburizing temperature and the case depth in a given carburizing time 
is usually somewhat less in a fine-grained steel. 

Steels may be abnormal in spots as mentioned above or may be 
completely so if the dissolved iron oxide is more uniformly dis- 
tributed. The latter condition is shown at 100 and 500 diameters in 
Figs. 3 and 4 respectively. Abnormal structures are characterized by 
thick and broken carbide boundaries surrounded by ferrite and with 
more or less agglomeration of pearlite carbide in the interior of the 
grains. The absence of these features may be seen in the normal 
steels, Figs. 1, 8 and 9. An extremely abnormal steel would not be 
suitable for carburizing as it would not meet the requirement of a 
hard surface after quenching. Even the lower quality commercial 
products, however, usually harden except in scattered spots. Bessemer 
screw stock may be found in such parts as bushings, nuts or grease 
fittings that are case hardened to prevent burring or slight wear; or 
low quality open-hearth steel for washers or cam plates stamped from 
sheets may be case hardened because bearing areas are large and 
pressures low and a few small soft spots would not be harmful. 
Abnormality is usually not an important factor in alloy steels as they 
are carefully made in the first place and their hardening power is 
greater because of the presence of the alloying elements. 

Large amounts of impurities and banding in steel have an influ- 
ence on the strength and toughness. Inclusions, themselves, are weak 
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and brittle and also tend to produce a notch effect in the steel if they 
come out to the surface of the finished article. Banding may actually 
increase toughness if the load is applied so that the break occurs across 
the fiber, but may greatly reduce toughness if the break occurs parallel 
with the grain flow. Steels with excessive banding would be un- 
satisfactory for highly stressed parts unless hot working operations 
can control grain flow, such as to cause fibers to run vertically in 
a gear tooth instead of horizontally across the base. It is obvious 
that low hardenability from abnormality would decrease the strength. 

Large inclusions are not permissible in carburizing steels for 
many purposes because they nick and wear tools and cause scratched 
surfaces. The latter is an important point for such uses as gears 
where smooth finishes are required and the teeth are not ground 
after hardening. The inclusions giving the most trouble are 
abrasive in character and large, such as slag or pieces of refractory 
accidentally entrapped in the molten metal, or continuous, such as 
long silicate inclusions. On the other hand, the advantage in using 
Bessemer screw stock comes from its free cutting properties due 
to the presence of inclusions. The sulphides, which are relatively 
soft and brittle, cause the chips to break off freely. For this reason 
sulphur may be purposely added and such steels as open-hearth 
screw stock S. A. E. 1115 and 1120 or free cutting manganese steels 
X-1314 and X-1315 are used for carburizing. As already men- 
tioned, sulphides are not disadvantageous to carburizing and harden- 
ing but probably are to strength, toughness, and fatigue resistance, 
especially parallel to the grain flow, although it is usually claimed 
the effect is not appreciable. Excessively wide ferrite bands in steel 
have some adverse effect on machinability and finish since such 
bands are equivalent in characteristics to a very low carbon steel 
while the remainder becomes correspondingly higher in carbon. The 
core structures of uniform and banded steels are shown in Figs. 5 
and 6 respectively. They are photomicrographs of slowly cooled 
samples. The longitudinal views of rolled products usually show 
some banding. 


CARBON CONTENT OF CARBURIZING STEELS 
it is not the function of this paper to discuss the carbon con- 


tent of the case, as that phase of the subject is covered by another 
r in this symposium. Because the carbon content of the steel 
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S—Core of Uniform Steel. X 100. 
6—Core of Badly Banded Steel. XX 100 


Fig. 
Fig. 





remains unchanged in the core it is important for its effect om 
hardenability, distortion, strength, and toughness; also on machin 
ability or other forming operations. 
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Static strength increases directly with hardness (for which car- 
bon is largely responsible when the steel is quenched) up to the 
point where excessive hardness results in high internal stresses 
since such stresses are not fully removed by the low drawing tem- 
peratures necessarily employed. Toughness or shock resistance de- 
creases with increased hardness beyond a certain point, defeating 
one of the primary aims of case hardening; consequently in the 
majority of cases the carbon content of carburizing steels will not 
be higher than 0.20 to 0.25 per cent. Toughness as well as strength 
may be adversely affected by very low carbon content. Carbon 
high enough to produce a uniform sorbitic structure in the core on 
quenching gives greater toughness than one so low in carbon as to 
produce a heterogeneous mixture of ferrite and partially hardened 
pearlite grains. The low limit usually found, 0.08 to 0.12 per cent 
carbon, is set more by steel making processes and machining diffi- 
ulties than by physical property requirements of the core. 

The physical properties of the finished part are so dependent 
upon the relationship between case and core that it is necessary 
to know the design and size of the part, the depth of case and 
the type of stresses involved, to select the carbon content most 
suitable to secure maximum mechanical properties. If the part 
is small or the case relatively thick in proportion to the core, the 
hardness and strength of the latter may be of little importance 
since it probably will not be highly stressed (because of short dis- 
tance from neutral axis in bending or torsion, for example) and 
its carbon content can be chosen low enough to give maximum 
toughness. Should the case be thin or the part large so that the 
proportion of case is relatively small, the outer portions of the core 
may become highly stressed, requiring the greater hardness and 
strength obtainable from a higher carbon content even at a sacrifice 
of some ductility. This relationship is illustrated in Fig. 7 in which 
stress in bending is plotted against distance from the neutral axis 
where the stress is zero. Possibilities from three sizes of bars, 1, % 
and 4 inches across, with 0.050-inch case depth are shown. Assum- 
ing a core strength of 150,000 pounds per square inch and a case 
strength of 225,000 pounds per square inch, the maximum stress 
capacities are represented by curves A, B, C, A, B, C, and A, B, 
C, in decreasing order of size. Any stress to the right of these 
curves would produce failure. Assume loads are applied on each 
size to produce a stress of 200,000 pounds per square inch in the 
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outside fibers of the case. Stresses on interior portions would lie 
along lines OD,, OD, and OD,. The need for a stronger core in 
the l-inch size is obvious because B, lies to the left of OD,. In- 
creasing the case depth should increase the strength also but in large 
sizes the case needed would become too deep to be practical. With 
the %4-inch size, core composition remains important because varia- 
tions in hardenability or case depth might shift point B, to the left of 
OD,. In the small size the core has little influence on strength 


0.500 


—--e--- 


Inches from Neutral Ax/s 


Stress , /OO0 psi. 


-Theoretical Stress Relationship Between Core and Case Depth. 


because B, cannot be stressed to point of failure before A, except 
under such loads as simple shear or straight tension, not usuall) 
found in service. The slopes of the theoretical stress lines OD,, 
OD,, OD, make it obvious that variations in the core in large sizes 
and case depth in small sizes are the important factors in affecting 
overall strength. Internal stresses may weaken the case in the small 
sizes but do not add to the strength of the core in the large sizes (or 
small sizes either) so the core may be of more importance than 
theoretical considerations indicate. The intention here is to discuss 
case depth only in so far as it influences core composition. Reasons 
for choosing light and heavy cases are given in another paper in this 
symposium. 

Very thin cases may require a hard core to prevent the case 
crushing through into the core although many failures attributed to 
that cause are more probably due to fatigue failure originating in the 
core immediately beneath the case. Unless the case is very thin, con- 
centrated heavy loads will cause a Brinelling action in the surface 
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layers of the case itself without permanently affecting the core. The 
relationship between carbon content and quenching method might 
well be taken into consideration because of greater hardenability ob- 
tained by direct quenching or better core refinement from double 
treatments than obtained from a single low reheat. 

Carbon content and resulting hardenability are important factors 
in governing the amount of distortion during heat treatment. Low 
carbon cores not greatly affected by quenching would tend to minimize 
distortion, especially where the volume of the core is large in com- 
parison to the case. Intricate designs such as ring gears can be 
more readily held to shape by dies and presses if the core is low in 
carbon. Greater machining stresses produced in higher carbon alloy 
steels may be a minor factor in distortion caused by stress relief dur- 
ing carburizing. Design of parts, depth of case, method of treatment, 
etc., must be considered also as it is possible to carburize steels of 
medium carbon content at low temperatures by cyaniding or other 
light case methods and get as little or less distortion in the finished 
product than with low carbon steels case hardened by conventional 
methods. 

Machinability is affected by carbon content. Very low carbon 
steel, unless of the free cutting variety, is gummy and gives poor 
finishes. High carbon in combination with high alloy content develops 
high hardness, gives difficulty in annealing and increases tool ‘cost. 
In general, however, machining problems are not the deciding ones 
in determining the carbon content to be used as they may be over- 
come sufficiently by normalizing or annealing methods. The combina- 
tion of annealing and machining costs is an important factor in setting 
the upper carbon limit in high alloy steels. 

Contrary to the popular notion that a steel for carburizing should 
have a low carbon content, there appears to be no sound reason why 
there should be an upper carbon limit on such a steel if, after suitable 
treatment, it can satisfy the requirements of hardness, toughness, 
lack of distortion, etc., in a more satisfactory manner or at lower 
overall cost than possible by other means. It is of course necessary 
to proceed with caution to make sure that the higher carbon steels 
will do so. The upward trend in carbon content may be seen in the 
last revision of S.A.E. treatments for carburizing steels and further 
evidence will probably be given by another paper in this symposium 
“Light Cases by Gas Carburizing.” 
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GRAIN SIZE OF CARBURIZING STEELS 


Grain size affects the machinability, suitability of heat treatments, 
distortion during hardening, and physical properties of steels. Coarse- 
grained steels machine easier and harden deeper. Probably largely 
because of being deeper hardening they distort more during quench- 
ing. They are not suitable for direct quenching or for single low 
reheating below the Ac, point of the core if a high degree of tough- 
ness is desirable. Double treatment greatly improves the toughness, 
Particularly if the case contains coarse cementite envelopes, a single 
low reheat for quenching will leave a brittle case which may spall 
or chip on the corners under shock loads in service. Such a case is 
more susceptible to grinding checks also. 

Because fine-grained steels do not coarsen at the carburizing 
temperature, they give tough products when direct quenched or single 
treated at temperatures that do not affect the core grain size. They 
are shallower hardening and distort less. The case also does not 
harden as readily as in coarse-grained steels, and with plain carbon 
steels, especially if there is considerable tendency toward abnormality, 
soft spots may occur. Low hardenability may be found in large 
sections of low alloy steels also. Fine-grained steels do not machine 
as readily but the difference can be mostly eliminated by normalizing 
at temperatures high enough to make them coarse-grained. 

Fine- and coarse-grained steels are shown in Figs. 8 and 9 respec- 
tively. The structures shown are micrographs of the case after the 
standard McQuaid-Ehn test. They are normal steels and do not 
show ferrite separation around cementite boundaries as in the ab- 
normal steels, Figs. 3 and 4. Fig. 8 shows discontinuities in carbide 
envelopes, but this is usual in the small grain sizes. There is some 
tendency toward spheroidization in the outer zone of the case. This 
tendency becomes quite pronounced in deeply cased chromium con- 
taining steels. The core grain size usually corresponds quite closely 
to case grain size. In many steels the location of the grain growth 
temperature, which governs actual grain size, may be more important 
than the grain size at an arbitrarily fixed temperature. For car- 
burizing steels, since some of the most important effects of the car- 
burizing temperature, such as carbide network in the case, or core 
structure in the direct quenched or low temperature single treated 
conditions, frequently remain in the finished article, the McQuaid- 
Ehn test conducted at the usual carburizing temperatures appears 
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Fig. 8—Fine-grained Case. X 100. 
Fig. 9—Coarse-grained Case. X 100. 


well suited. There is also the added advantage of determining carbon 
concentration and distribution in the case if the test conditions are 
similar to production processes. Carburizing and hardening (not 
hardening only) at the same temperature as used for the finished 
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articles, followed by suitable physical tests, may be a satisfactory 
substitute. 


STEELS FOR MoLTEN BATH CARBURIZING 


Previous references have been mostly to carburizing in car. 
bonaceous solids or gases. The general requirements already dis- 
cussed apply to steels for molten bath carburizing also, but due to the 
depth and character of the case obtained, steels should be chosen 
accordingly. Such cases are usually very thin and the nitrogen 
absorbed along with carbon produces, when quenched, a very hard, 
brittle case. Two types of steel are most commonly used when the 
entire case is derived from the molten bath. Low carbon steels may 
be employed for very small parts where it is necessary to have a very 
thin case, or where a hard, highly wear-resistant surface is required 
but loads are not high enough to crush through the case. Molten 
baths are used also on soft steel for such purposes as making a hard 
skin on nuts or bolts to prevent burring from wrenches, for fine 
ratchet teeth, very small gears, etc. The other class includes steels 
of medium carbon content in which the core hardens sufficiently to 
back up the thin, highly wear-resistant case, and makes heavy loading 
permissible. A prominent use is for automotive transmission gears. 
Molten baths of special compositions that produce deeper cases 
permit the use of lower carbon steels for highly stressed parts. 

It is not the function of this paper to discuss the relative merits 
of the various carburizing processes and procedures. 


CHEMICAL COMPOSITION OF CARBURIZING STEELS 


The chemical compositions of steels used for carburizing, both 
plain carbon and alloy, are listed in Table I. Some steels used do not 
conform strictly to the S.A.E. numbering system but those given are 
typical. The medium carbon steels used in the light case methods 
are not included in the table as their carbon content covers a rather 
wide range. Steels of the 5100, 3100, 4100, 2300, 4600 and 6100 
series with from 0.30 to 0.50 per cent carbon are the ones most com- 
monly used. 


GENERAL PROPERTIES OF ALLOY CARBURIZING STEELS 


Alloy steels have certain characteristics which make them more 
suitable for certain applications than plain carbon steel. It has al- 
ready been mentioned that in small sections the case of plain carbon 
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A second important advantage of 
‘oy steels is their lower critical cooling rate and consequent greater 


ardenability in commercial processes. This is important in two 


ways, one being the fact that satisfactory case hardnesses can be ob- 


tamed with large sections, the core at the same time being harder so 


that the article as a whole is harder, stronger and tougher. The other, 


and perhaps more important advantage of lower critical cooling rate 









562 TRANSACTIONS OF THE A. S. M. June 


in carburizing steels, is the fact that a slower cooling medium such as 
oil can be used to obtain satisfactory hardness. The thermal gradients 
developed during oil quenching are much less marked than in water 
quenching and hence much less distortion occurs during oil quenching. 
At least part of such distortion is due to internal stresses and where 
high stress concentration occurs in notches, roots of splines, gear 
teeth, etc., the steel is weakened and embrittled. Such stresses of 
course are not absent in oil-quenched steels but may be considerably 
lower. Another advantage of some alloying elements is the low 
critical temperature resulting from their presence. This makes pos- 
sible low quenching temperatures thus reducing scale, decarburization 
and warpage. Other elements form hard carbides and produce wear- 
resistant surfaces when a high carbon case is obtained. An element 
which helps to retain hardness at high drawing temperatures is of 
value in some applications. In very special applications the superior 
corrosion resistance of higher alloys might be of service. 

The extent to which an alloy steel is superior to a plain carbon 
steel in the properties just described depends upon both the kind and 
the amount of alloying elements present. An attempt to point out 
the relative merits of the various alloy steels for specific uses will not 
be made as such a procedure only leads to a source for argument 
Grain size, annealing and normalizing cycles, tool shapes, depth, feed 
and speeds of cuts, and other established procedures, may be more 
important in determining satisfactory machinability than considerable 
differences in composition. It is not uncommon to find different 
users demanding different microstructures in the same kind of stee! 
for similar machining operations. Likewise differences in design oi 
parts, case depth and carbon content, methods of heat treatment, and 
quenching fixtures used, rather than composition of the steel, ma) 
be the governing factors in obtaining satisfactory hardness and lack 
of distortion from quenching and service life of case hardened 
parts. There is no doubt but that several of the more common alloy 
carburizing steels can be used interchangeably with satisfactory re- 
sults if suitable processing methods are used. 

The amounts and kinds of alloying elements present influence 
the rate of carburizing. Observations made by the writer* on mort 
commonly used steels have shown S.A.E. 6115 and 3115 to carburiz 
fastest, followed by plain carbon, medium nickel, nickel-molybdenum, 


*O. W. McMullan, ‘Physical Properties of Case-hardened Steels,’ Transaction’ 
American Society for Metals, June 1935. Vol. XXIII, p. 319. 
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and the higher nickel-chromium, nickel-molybdenum and _ straight 
nickel steels in about the order named. Practically, however, the 
differences may be small as full hardness is obtained with lower 
carbon in the inner zones of the case with higher alloy contents and 
the outer zone is usually high enough in carbon to give the needed 
wear resistance unless the case is very thin. 

Increasing the amount of alloying elements in steel increases 
annealing and machining difficulties but in general also increases 
hardenability and strength unless the core hardness developed is ex- 
cessive. Strength is influenced also by case depth and method of 
heat treatment. Data have been published showing that single low 
treatments produce the weakest product and, especially when the 
alloy content is high, double treatments are best for strength and 
toughness but not necessarily for surface conditions. Distortion 
characteristics vary with the elements present. For example, car- 
burized ring gears of one composition have been found to shrink in 
the bore when hardened whereas a different composition would ex- 
pand. The advantage of the former is obvious when it is desired to 
hold the bore round by quenching on a die. These characteristics 
are so tied up with design, case depth, grain size and heat treatment 
that references to specific compositions might be misleading. Steels 
of high alloy content and slow critical cooling rates might be expected 






to give less distortion if properly treated. It seems logical to believe 
that greater advantage might be taken of this feature than is now 















being done by the use of slow cooling media, such as heavy oils, to 
produce less marked thermal gradients. 

The remainder of this paper will be devoted to the discussion of 
the various compositions which most satisfactorily meet the general 
requirements of carburizing steels outlined in the preceding sections. 


PROPERTIES AND APPLICATIONS OF VARIOUS COMPOSITIONS 





Properties and applications of plain carbon carburizing steels 
have been discussed previously. To summarize: Carbon steels re- 
quire water or other drastic cooling media to produce maximum case 
hardness; the core of larger sections will not quench to a uniform 
structure and soft spots may occur in the case; abnormality even in 
small sections causes very soft spots in the case; the water hardening 


required 
jul 


| produces distortion in thin sections and intricate shapes; 
carbon steels are not as strong and are more brittle than most alloy 
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steels. Steels X-1015 and X-1020 have a higher manganese range 
and are used for larger sections or wherever their higher hardenability 
is required. Small parts are sometimes oil-quenched if case hardness 
requirements are not too high. The higher manganese also improves 
machinability in soft low carbon steels. Sulphur may be added pur- 
posely to increase machinability in which case manganese must be 
on the high side. Steel made by the Bessemer process is quite apt to 
be abnormal and have soft spots in the hardened case but may be 
suitable for some applications. Carbon steel in grades suitable for 
the application are used for all purposes where the superior or special 
properties of alloy steels are not required. 

Manganese steels tend to be coarse-grained and brittle but this 
difficulty can be mostly overcome by making the steel fine-grained by 
the ladle practice. Manganese lowers the critical points making it 
possible to use lower quenching temperatures with the attending 
advantages. These steels, like all the other alloy carburizing steels 
except those of medium carbon content, may be water quenched, but, 
unless the manganese content is too low or the section too large, 
may be oil-quenched also, lessening distortion as already mentioned 
An outstanding advantage of manganese not obtainable from other 
alloying elements is its use in high sulphur free machining steels 
where its presence is necessary to prevent red shortness while th 
steel is being hot-worked. While all the manganese present may not 
be necessary for this purpose, better hot working properties are ob- 
tained than when manganese is low and better machinability may be 
obtained with low carbon contents. While it seems reasonable that 
other alloying elements might be added to the high sulphur steels, 
this is not being done. Sufficient manganese must be present any- 
way to overcome red shortness and it simplifies the composition to 
get the additional hardenability required by adding more manganes¢ 
rather than other alloying elements. Neither could the amount 0! 
other alloying elements be very great as the normalized hardness 
would be increased and the primary aim of free machinability would 
be defeated. 

Nickel imparts toughness and strength to steel. It lowers the 
critical range and hardening temperatures required with consequent 
reduction in scaling, decarburization and distortion. Nickel helps t 
retain austenite on cooling and with high nickel, such as in S.A.E. 
2515, a high percentage of austenite will form in the outer layers 0! 
the case if quenching temperatures are high. Austenite is plastic and 
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objectionable flowing may take place under high loads. It is difficult 
to maintain file hardness in high nickel steels as the amount of austen- 
ite increases. The use of low quenching temperatures will remove 
this difficulty. If high quenching temperatures are necessary, the 
amount of austenite can be reduced by keeping the maximum carbon 
content of the case lower. The case on nickel steels softens at low 
draw temperatures. For maximum case hardness the drawing tem- 
perature should be 275 degrees Fahr. or less for 5 per cent nickel 
steels. The effect of nickel on critical temperatures and physical 
properties increases with the amount, S.A.E. 2015 for example being 
comparatively less different from carbon steel than the tough, strong 
S.A.E. 2515 which is suitable for heavy duty parts. 

Chromium in carburizing steels increases the strength and hard- 
ness of the core when quenched and produces very hard wear-resistant 
cases. Normally these steels are coarse-grained, rather brittle, and 
ensitive to small changes in hardening temperature. As with manga- 

ese steels, these objections can be mostly overcome by the addition 
f elements which will produce a fine grain. Chromium steels are 
t used extensively for carburizing and their failure to become 
established perhaps dates back to the days of lack of grain size con- 
1, coarseness and brittleness. Because of their low cost and with 
grain size control now possible greater consideration for the use 
chromium steels would appear to be justified. The intention is not 
to infer, however, that either the chromium or manganese steels can 
ade equivalent in toughness to fine-grained nickel steel for ex- 
mple, but rather that there is much less difference among the steels 
| fine-grained than there would be if all were made without any 
ittempt at grain size control. The greatest present use of chromium 
case hardened steels is in the medium carbon range, light cased for 
such purposes as automotive transmission gears. 

The addition of both nickel and chromium to carburizing steels 
gives one of the most useful combinations suitable for almost any 
lication as both elements may be varied over a rather wide range. 

adds toughness lacking in the straight chromium steels and 
mium adds hardness and wear resistance not given by nickel. 
both add to the hardenability and strength of the core making the 
higher alloy contents suitable for large sections or highly stressed 
Machining becomes rather difficult when the alloy content is 


ihe nickel-molybdenum steels also represent a good combination 
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of elements as molybdenum is a carbide former and adds wear re- 
sistance. The 4600 series, when fine-grained, appears especially well 
suited for direct quenching. Cases with high carbon and direct 
quenched contain considerable austenite but file hardness can readily 
be obtained and the amount of distortion is small. The 4600 series 
has become very popular for automotive differential and transmission 
gears. The higher nickel steels, S.A.E. 4815 and 4820, are being 
used for heavy duty gears. Molybdenum raises the temperature at 
which the hardened case starts to lose hardness. This is an advantage 
in parts which become heated in service. 

The chromium-vanadium steels bring together desirable charac- 
teristics also in that vanadium makes the steel fine-grained, over- 
coming the brittleness of straight chromium steels, and the harden- 
ability from chromium offsets weakness from shallow hardening 
imparted by small amounts of vanadium. Vanadium raises the 
critical temperatures which results in greater scaling, decarburization 
and distortion at the higher heat treating temperatures necessary. 
On the other hand these steels appear well suited for reheating in 
cyanide which eliminates scale and decarburization and at the same 
time the steel is free from a soft skin sometimes found on other 
carburized steels after quenching from cyanide. 

Chromium-molybdenum steels of low carbon content are not 
used for carburizing. It is quite probable this is a result of an ex- 
perience in the early days of their development. Case hardened parts 
made from them proved to be brittle and failed in service. This 
occurred before the time of grain size inspection and the steels were 
probably coarse-grained. Whether this brittleness can be overcome 
by modern steel making practices apparently has not yet been fully 
determined. Much experimental work is now being done upon them 
and the near future will probably again see their use in production 
parts. 

It has been mentioned previously that steels with from 0.30 to 
0.50 per cent carbon of the S.A.E. 2300, 3100, 4100, 4600, 5100 
and 6100 series are used as light cased by molten cyanide or other 
activated baths and by low temperature gas carburizing. Their chief 
use has been in automotive transmission parts. Other compositions 
have been used to some extent, especially those of higher alloy con- 
tent. With the amount of carbon present it is necessary to use long 
annealing cycles when the alloy content is high and machining be- 
comes more difficult. The functions of the various alloying elements 








1938 


in the med 
ing compo: 
Other 
burizing p 
dicted frot 
considerati 
ment of c 
making pr 
low cost c 
duced by « 
Economy 
large prod 
of the sam 
continuous 
to work o 
number of 
production 
change in 
find that ; 
greater in 
first costs, 
in all cases 
Space 
steels for 


Metals Ha 


The a 
partment, 
Compan y; 


Writte 
Detroit Ax 

Mr. Me 
of the varic 
use, The 


material. 


Improv 
pract Ice, he 




















1938 DISCUSSION—STEELS FOR CARBURIZING 56 


a | 


in the medium carbon grades are not unlike those in the correspond- 
ing compositions of lower carbon content and need not be repeated. 

Other combinations of alloying elements have some use for car- 
burizing purposes. Their properties can be at least partially pre- 
dicted from the amount and kind of elements present. Economic 
considerations have entered strongly into the selection and develop- 
ment of compositions during the last few years. Progress in steel 
making practices by the steel companies has made it possible to use 
low cost compositions in applications where the characteristics pro- 
duced by older steel making methods would not have been suitable. 
Economy is closely tied up with the quantity of production. The 
large producer, or rather the producer of a large number of articles 
of the same design, can afford to purchase expensive equipment for 
continuous and more or less automatic operation, to employ the help 
to work out heat treating cycles and to absorb the cost of a large 
number of scrapped parts frequently necessary to establish efficient 
production and to maintain control of operations when a radical 
change in composition or design is made. The small producer may 
find that greater overall economy results from the use of a steel 
greater in first cost, but with fewer processing difficulties. Lower 
first costs, however, do not necessarily mean higher production costs 
in all cases. 

Space will not permit giving specific heat treatments of ‘the 
steels for various applications. Such information can be found in 
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DISCUSSION 


Written Discussion: By R. W. Roush, metallurgist, The Timken- 
Detroit Axle Co., Detroit. 

Mr. McMullan is to be commended for pointing out clearly the properties 
i the various types of carburizing steels, and the reasons for or against their 
use. The paper should prove an excellent guide for the selection of such 
material. 

improved machines and machine tools, as well as normalizing and annealing 
Practice, have eliminated many objections to steels having poor machining 
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qualities ; improved hardening practice and equipment have made distortion less 
of a problem, leaving the question of cost the chief consideration. 

From our testing experience, we may determine that a certain steel is not 
suitable for carburizing, and yet in one year find ourselves using it successfully, 
As an example of this, the use of S.A.E. 4120 and 4220 can be cited. These 
steels were formerly declared unsuitable for carburizing, but now are reported 
to be gaining in popularity by some large users, for the manufacture of gears. 

Mention is made of the upward trend in the carbon content, which has 
been noticeable in the last few years. We can remember when it was con- 
sidered serious to have mere than 0.10 per cent carbon for good core properties, 
later the high limit was 0.15 per cent, more recently 0.20 per cent, and noy 
0.25 per cent or even 0.35 per cent (speaking of deep case carburizing). 

S.A.E. 4340 steel has been successfully carburized to a depth of 0.075 inch, 
and used for large pinions for double reduction axles. While they require a 
double treatment (quench from carburizing temperature and reheat for harden- 
ing the case), properties are obtained which to date have not been equaled by 
other alloy carburizing steels. A fine sorbitic structure and a Brinell hardness 
of 375 is held in the core, while the case is file hard and above Rockwell C-60 
The impact value of such a steel is naturally not high, but is of little consequence 
in large sections. The steel, while not considered a carburizing steel, has met 
the requirements of a severe bending load and a good wearing surface. 

The use of a low molybdenum alloy in carbon contents of 0.20 to 0.35 per 
cent has shown good results in extensive experiments, and is being used for 
transmission and rear axle gears by some manufacturers. It is reported that 
this steel shows excellent physical properties and is very attractive from th 
standpoint of cost. 

The steels listed in the paper can be and are being used for many parts. 
The list will probably be increased as light case carburizing on medium carbon 
steels becomes more popular. 

Written Discussion: By E. L. Bartholomew, United Shoe Machinery 
Corporation, Beverly, Mass. 

We congratulate Mr. McMullan on the thoroughness of his paper entitled 
“Steels Used in the Carburizing Process.” 

There is, however, one fact in relation to carburizing steels similar to 
S.A.E. 1115-1120, or X1314-X1315, which has not been brought out by the 
author. In fact, we have been able to find no reference to the condition which 
we are about to describe in any papers or discussions on carburizing steels. 

As a result of some research recently conducted in our factory, we definitely 
proved that: 

(1) Sulphur caused a peculiar scaling, or pitting, on the surface of 
finished work which had been carburized. 

(2) The degree of scaling, or pitting, was in direct proportion to the 
amount of sulphur in the steel. 

(3) The peculiar scaling, or pitting, started at about 1430 degrees Fabhr. 
and was very critical at 1700 degrees Fahr. 

(4) The action took place not in the carburizing chamber but during th 
period of transfer of the work from the carburizing furnace to the 
quench. 


(5) A small amount of nickel and chromium seemed to inhibit the scaling 
or pitting. 
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We did not arrive at the theoretical answer to this problem, but would like 

to suggest that Mr. McMullan or others who have research facilities further 
study this problem and report their findings to this society at some future 
meeting. 

The writer has samples which demonstrate the peculiar scaling, or pitting, 
d shall be glad to discuss the subject with anyone who is interested. 

Written Discussion: By John F. Wyzalek, chief metallurgist, Hyatt 
Bearings Division, General Motors Corp., Harrison, N. J. 


Tr) 
Li 


a 
r 


The paper offers a splendid means of determining in a practical manner 
the relative merits of commercial steels requiring carburizing. It presents an 
opportunity for the average individual to intelligently reach a conclusion as to 
the proper steel to consider for the application involved. 

There are a few points regarding which I trust comment upon might be 
in order. The author registers in connection with the general requirements of 
the steel the need for consideration of the method of quench. It might be of 
interest to register the thought that in some applications requiring high hard- 
ness for wear resistance, that better fatigue life can be effected through 
modification of composition of steel so as to permit oil instead of water quench. 
[his is explained by the fact that internal stresses are lower with the oil 
quenched product, thereby accomplishing a greater operating safety factor. 

In regard to comment on distortion, might it be in order to register that 
under certain conditions lower carbon cores do not necessarily minimize dis- 
tortion For example, a cylinder carburized on only one surface, due to the 
pronounced carbon differential existing, will tend to distort considerably when 
quenched drastically. Increase of carbon content up to the practical limit 


1 
t 


without danger of cracking will tend to reduce this distortion. Also, carburizing 
such parts all over will, in general, effect further improvement. 

In listing the various compositions of carburizing steels, may it be suggested 
that the so-called S.A.E. 4620-1 nickel-molybdenum-chromium type be given its 
place. True, it is a more recent development; however, it shows considerable 
promise in that it offers appreciable improved physicals as compared with 
S.A.E. 4620 at only a very slight increase in cost. 

\lthough it is not intended to take direct exception to the statement made, 
t must be said that our experience with nickel-molybdenum S.A.E. 4600 types 
t steel does not indicate any slowing up of rate of carburization as compared 
with carbon steel. If anything, we find that S.A.E. 4620 carburizes slightly 
taster than straight carbon steel at the same carburizing temperature. 

lt is felt that the statement that the S.A.E. 4600 series of steels are espe- 
cially suited for direct quench should be qualified with the provision that 
presence of austenite is not objectionable. Our experience indicates that on 
small parts requiring eutectoid carbon content, or slightly higher, for best wear 
characteristics it is almost impossible, regardless of any practical method used, 


to pr 


produce a case, single quenched, without austenite present in appreciable 
amounts. 

Written Discussion: By M. L. Frey, metallurgical engineer, Republic 
Steel Corp., Buffalo. 

Mr. McMullan is to be commended on a very comprehensive review of 
a subject which has many angles and upon which many different opinions are 
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held. It is true that today more types of steel are being carburized than eyer 
before and the chances are that this number will increase as more precise meth- 
ods of carburizing and of heat treatment are evolved. 

It is felt that the use of medium carbon steels with carbon content of 025 
to 0.40 per cent should have been emphasized to a greater extent. Such steels 
are used not only for treating in activated baths which produce very superficial 
cases but also for pack- and gas-carburizing during which cases up to 0.030 
inch depth are produced. While it is true that the volume of such steels used 
for this purpose is very small in comparison with the volume of low carbon 
still used, such applications are increasing in number and may be expected to 
continue to do so. Such materials are used when it is desired to obtain a com- 
bination of surface hardness and core strength not obtainable with lower carbon 
materials except by the use of materially higher alloy content. Because of its 
composition, the core has potentially a wider range of physical properties than 
if made of low carbon steel and the treatment must be more exacting if definite 
properties are to be had in the final product. The success of the part in service 
usually depends upon the maintenance of certain definite core properties as well 
as upon surface hardness. 

The analysis of the effect of case depth and core strength on service life 
of case hardened parts is amply borne out by examples that come to the atten- 
tion of anyone who has the task of investigating field failures. To this analysis 
we would like to add that, when core properties come into prominence, they may 
do so in one of two ways as a result of the design of the part. In those cases 
where the affected portion is stiff in the direction of applied stress, such as 
that of a gear tooth, a combination of thin case and soft core will exhibit case 
failure from fatigue as a result of repeated Brinelling action and insufficient 
backing by the core. In those cases where the part is not stiff in the direction 
of applied stress, such as that of a chain roller, the application of stress to the 
surface will result in fatigue failure of the core just under the case. In either 
circumstance, the remedy is better core properties, obtained either by a better 
selection of the steel used for carburizing or a change in treatment subsequent 
to carburizing. 

Another consideration is the fact that in those cases involving essentiall) 
rolling contact, such as gear teeth, chain rollers and anti-friction bearings, if the 
Hertz formula is used in exploring stress distribution, it may be found that the 
highest stress is at some distance beneath the surface. Such considerations, 
properly applied, will indicate whether a high- or low-strength core is necessar) 

It is stated unequivocally that alumina or other finely dispersed insoluble 
material is the cause of fine grain and may have an indirect effect on carbon 
absorption and diffusion. There is no doubt that something, which may be 
called the aluminum effect, does bring about these results but the evidence that 
it is brought about by finely dispersed insoluble material such as aluminum 
oxide is not conclusive, principally because all of the available evidence is in 
direct. The actual existence of such substances in the steels so affected has 
not been observed. Some evidence has been presented to show that metallic 
aluminum in solution is the cause of sluggish migration of carbon in gamma 
iron, and of extreme degree of carbide coalescence, such as is found in 
abnormal steels. It is ordinarily found that the rate of carbon absorption in 
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carburizing decreases both with decrease of grain size and increase of ab- 
normality. This fact suggests that there are two distinct but probably related 
effects operating. 

Finally, in the interest of bringing the available information up-to-date, it 
should be pointed out that since the preparation of Mr. McMullan’s manuscript, 
one large application of chromium-molybdenum steel, S.A.E. 4120, has been 
made for automobile ring gears and pinions and many applications involving 
miscellaneous carburized parts have been made. 

Written Discussion: By E. F. Davis, metallurgist, Warner Gear Divi- 
sion, Borg-Warner Corp., Muncie, Ind. 

Mr. McMullan, who has had a wealth of practical experience with car- 
burizing steels and processes, has very ably handled the requirements of steels 
used in carburizing. The list of carburizing steels does not show any with 
carbon contents in excess of 0.25 per cent carbon. This is true as far as past 
practice is concerned except occasionally higher carbon steels also receive the 
operation of carburizing. However, with the trend to finer grained steels and 
those in which the grain boundaries show no continuity I wonder if we are 
not approaching an era where the higher carbon steels will be more frequently 
specified, and our future development will not be toward the so-called abnormal 
steels with carbon ranges running between 0.25 and 0.35 per cent carbon. 
Already one large automobile concern is working on such a program. 

Mr. McMUuLLAN replies: To save time, I will reply to the discussion by 
Mr. Roush, Mr. Davis and Mr. Wyzalek in writing. On the other two 
discussions there is one comment I would like to make. I am not sure I know 
just what Mr. Bartholomew has encountered or just what his treatment is. 
I have not run into that condition myself, and I have inquired of others who 
are large users of high sulphur steels and they have not found this peculiar 
result. He mentions that the action took place not in the carburizing chamber 
but during the period of transfer of the work from the carburizing furnace to 
the quench. I am wondering if he means that the parts are direct quenched. 
f so, it seems that length of time is extremely short to cause much pitting in 
the steel. I would be interested in seeing Mr. Bartholomew’s samples. 

In regard to Mr. Frey’s discussion, there is one point I want to comment 
on and that is the effect of alumina as rather finely dispersed insoluble material 
on grain size. He mentions a metallic aluminum effect. From my own 
point of view, the alumina is a much better explanation of the cause of fine 


grail 


In fact, I do not think the evidence shows that metallic aluminum 
has such an effect at all. It can be quite readily shown that the effect of 
aluminum beyond the small amount necessary to produce the finely dispersed 
alumina is exactly the reverse. In other words, the metallic aluminum effect 


is to coarsen the grain of steel and not make it fine. 


Author’s Written Reply 


Mr. Wyzalek has quite correctly pointed out a case in which a low carbon 
core does not minimize distortion, that is, when only a portion of the surface 
is carburized. It has been observed many times that when ring gears, for 
example, have a portion copper plated before carburizing, more distortion may 
eccur during hardening than if cased all over. The design of the part and 
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location of uncased areas would determine the effect of such local case harden- 
ing. 

An attempt was not made to give a complete list of carburizing steels py 
because of considerable commercial usage, perhaps 4620-1, 4620-3 and th 
carbon-molybdenum steels should have been included in the list. There might 
be some question concerning the advisability of complicating the analysis by th 
addition of several alloying elements. Such a procedure adds to the cox 
through increasing the number of chemical determinations necessary, increases 
the possibilities of off analysis heats and decreases probabilities of over lapping 
specifications. In the nickel-chromium-molybdenum steel mentioned by Mr 
Wyzalek, chromium has been added to the regular S.A.E. 4620 composition 
The value of an element toward improving physical properties, of course. de 
pends upon the functions that it and the other elements also present perform 
While the elements mentioned above perform other functions as well, it migh: 
be said that the more or less unique one best performed by nickel is to giy: 
toughness and molybdenum raises the operating temperature possible withou 
softening of the case while the other elements do not. The added element 
chromium, might be looked upon as the questionable one in this combination 
[ believe that it is added chiefly for increasing hardenability and strength i: 
larger sections. Higher carbon would do this for the core but, of cours: 
would be unchanged in the case. Increasing the molybdenum would increas 
hardenability and strength but at greater cost than with chromium. Mang 
nese, however, while not as effective in equal percentages as chromium, usual! 
adds more hardenability at equal costs. Perhaps raising the manganese might 
have some adverse effect on machinability or decrease toughness more tha 
chromium. The author would be interested in knowing if Mr. Wyzalek o 
others who have used these steels have any comparative results between th 
effects of chromium and mangancse. 

The methods of measuring case depth may have an influence on results 
obtained. Thus for a given fairly slow cooling rate, higher alloy steels maj 
apparently have a deeper ferrite-free case than one of lower alloy but of equal 
eutectoid carbon depth. Especially if the case is measured as hardened, : 
lower carbon portion of an S.A.E. 4620 case will harden than in a carbo 
steel and the former may show an apparently deeper case which, however, ma} 
also really be the effective case depth. 

Regarding the statement that the S.A.E. 4600 series is especially suited 
for direct quenching, Mr. Wyzalek intimates that the austenite formed is no! 
the best for wear resistance. I believe that this statement should be qualified 
according to the service as austenite remains unaffected at higher temperatures 
than does martensite and where parts are operating at slightly elevated tem- 
peratures, such as resulting from sliding friction, some austenite may be ad 
vantageous for wear resistance. 

The comments by Mr. Roush are in agreement with those made by th 
author. He has pointed out an interesting application of S.A.E. 4340 to illus- 
trate the use of such a high carbon content steel case hardened by conventiona 
methods. The case cited is not a mere experiment as the steel has been suc 
cessfully applied to that job for several years. 

In reply to Mr. Davis, the list of carburizing steels did not include 
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of higher carbon because the wide variation in carbon content made it more 
dificult to classify them in the S.A.E. system. Mention of the trend toward 
higher carbon, even beyond 0.35 per cent, is made elsewhere in the paper. Mr. 
Davis also brought up a point not covered by the author regarding the present 
and probable future development of fine-grained higher carbon steels showing 
no continuity of carbide grain, boundaries. I believe he is probably correct in 
his surmise as such a structure develops higher impact values and helps to 
wercome perhaps the most serious objection to the use of higher carbon con- 
tents in some applications. 

In further reply to Mr. Bartholomew, subsequent microscopic examina- 
tion of Mr. Bartholomew's samples did not reveal the cause of pitting to the 
author. The pits appeared similar to those caused by acid or corrosive salts. 
There was some material resembling a salt stuck between the blades of one 
sample. The pitting was not associated with sulphide inclusions as such as 
the pits were irregular in shape and distribution on the surface and frequently 
elongated transversely to the grain flow. 

n further reference to my oral reply to Mr. Frey, and for further comments 
regarding the effect of alumina, I would like to refer Mr. Frey to a discussion 
tarting on page 781 of A.S.M. Transactions for September 1937, Vol. XXV. 

It may be of interest to add that since this paper was first printed the 
uuthor has checked further into the effect of phosphorus on carburizing. Checks 
vere made on twelve open-hearth heats including rimmed, semi-killed and 
iluminum-killed heats as these types varied most in phosphorus content. Com- 
arison heats were chosen as similar as possible in melting and pouring prac- 

e and composition except for phosphorus content which varied from 0.010 
to 0.097 per cent. Within this range there was no observable effect of phos- 
horus on case depth or uniformity, grain size or other microscopic character- 


stics of the case. 









A HARDENABILITY TEST FOR CARBURIZING STEEL 

























By W. E. Jominy anp A. L. BoEGEHOLD 


Abstract 


In this paper a test is described which permits the 
grading of carburizing steels of various compositions and 
grain sizes according to their relative hardenability, A 
number of the more common steels have been tested and 
classified by the use of this test. The rate of cooling 
necessary to harden these steels to 600 Vickers Brinell 
_ been determined. Furthermore, the limiting section 

ze in which the more common carburizing steels can be 
aad to produce 600 Brinell with oil quenching is 
indicated. 


URING the past decade much attention has been directed to 
the hardening characteristics of steel and a number of very 
worth while investigations on the subject have been made. Our 
thinking in this direction was initiated by the outstanding research 
of McQuaid and Ehn* who called our attention to the variation i: 
hardenability of steels of similar composition. The application of the 
principles of grain size and grain control, which have resulted largel) 
from this research, have been of tremendous value to industry. 

While the McQuaid-Ehn test gives a fair idea of what hardness 
characteristics may be expected when steels of like composition but 
different grain sizes are compared, it provides no means of compar 
ing steels in which the composition is varied. Furthermore, steels 
within the usual specifications for grain size and composition maj 
vary considerably in hardness characteristics so that there is a definit 
need for a direct means of measuring this property of steel. 












The need for such a test was emphasized in connection with a 
series of experimental carburizing steels melted by the authors 
These steels varied over a wide range of composition and it was 
desired to know their hardness characteristics—especially whether 
they would harden properly when made into certain automotive parts 











“Transactions, American Institute of Mining and Metallurgical Engineers, Vol. ‘ 
1922, p. 341. 








A paper presented as part of the Symposium on Carburizing pre sented at 
the Nineteenth Annual Convention of the American Society for Metals held 1 
Atlantic City, October 18 to 22, 1937. The authors are associated with the 
Metallurgical Department, Research Laboratories Division, General Motors 
Company, Detroit. 
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and quenched in oil from the proper temperature. A simple test 
was sought which would give us this information without having to 
make the various parts from each of these steels. Such a test was 
devised and proved very useful. 

Tests for hardness . characteristics have been developed by 
Shepherd,* Luerssen,** Schempp7 and others but none of these tests 
can be applied to carburizing steels. 

Shepherd’s test, which consists in hardening, then sectioning and 
etching slabs varying in thickness from ;5 inch to 7% inch, was devel- 
oped to test tool steels and is very useful for this purpose. The work 
of Luerssen and Schempp was likewise carried out on straight carbon 
steels. 

The only test of which the authors are aware which would be 
applicable for carburizing steels is that used by Bain,f? who carbu- 
rized pure electrolytic iron cylinders, inserted them in stainless steel 
disks, then heated these disks and quenched them in brine. He then 
measured the hardness at various distances from the two hardened 
ends. This test does not permit the determination of hardness 
characteristics when the specimen is carburized and quenched directly 
from the carburizing box which is common practice in the automotive 
industry. Furthermore, the test is a little too difficult to be used as 
a routine test so that it was felt necessary to devise some other means 
of measurement. 


DESCRIPTION OF TEST 





A number of schemes for measuring the deep hardening charac- 
teristics of carburized steels were tried before a satisfactory method 
was found. These included wedge shaped specimens, disks, cylinders 
inserted in a large disk, and others, but each was discarded as imprac- 
tical or inaccurate. A type of test bar which was finally found satis- 
factory is shown in Fig. 1. The test bar proper, that is the bar 3 
inches long and 1 inch in diameter, is made of the steel to be tested. 
\n adapter which is shown screwed into the test bar in Fig. 1 can be 
made of any convenient steel and used over several times. The test 
piece with adapter screwed in place is then carburized 8 hours at 
'700 degrees Fahr., removed from the carburizing box and hung on 






ACTIONS, American Society for Steel Treating, Vol. 17, 1930, p. 90. 
[RANSACTIONS, American Society for Steel Treating, Vol. 17, 1930, p. 171. 
tat Progress, Vol. 30, Aug. 1936, p. 68. 


NSACTIONS, American Society for Steel Treating, Vol. 20, 1932, p. 385. 
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a fixture so that water is sprayed on the bottom face as shown jp 
Fig. 2. The cup shape of the bottom face deflects the water down 
and cooling on this face only is accomplished. 

When the sample is cooled it is removed from the fixture, pol- 


—$<$<——————_ 


ished with emery paper and the hardness measured at various points 
on the surface from the water-cooled end to the adapter end. After 
this measurement is made a strip of metal is removed by grinding 
to a depth of 0.015 inch and another series of hardness readings js 
made. From these two series of readings the hardening character- 
istics of the steel are ascertained. 
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The carburizing compound used in these experiments was made 
by the Park Chemical Company, Type F.S.K., using 2 parts of used 
and 1 part of new compound. Rather small carburizing pots were 
used and consequently the total time in the furnace was 9 hours, 
placing the pots in a hot furnace. It was found desirable to coppet 
plate the thin fin forming the cup to prevent it from cracking during 
the cooling operation. This test piece was used for many of the 
tests reported in this paper. It was designed primarily to compar‘ 
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Fig. 2—Photograph Showing Test Piece and Adapter Hung on Fixture so that 
Water Can be Sprayed on Bottom Face. 


that this test might be used as a check on the hardenability of pro- 
duction steels in place of the McQuaid-Ehn test. With this in mind 
a simpler test piece was developed as suggested by L. A. Danse. This 
test piece simply omitted the copper plated skirt and required a 
quenching fixture to clamp the piece in such a position that water will 
strike the bottom face only and be deflected from the sides. This 
test piece is then merely a cylinder 1 inch outside diameter and 234 
inches high with an adapter screwed into the top so the piece may be 
handled without the tongs touching the piece. The piece is carbu- 
rized exactly the same as the other and then clamped in a fixture and 
cooled as shown in Fig. 3. This piece cools just a little faster than 


the cupped test piece though very little difference in final results can 


be observed. 
To spray water at constant temperature onto the face of these 
test pieces, a tank was constructed 13% inches in diameter and 2% 
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Fig. 3—Photograph Showing Modified Quenching Fixture. Water Strikes Bottom 


Face Only. 







feet high and this tank nearly filled with water at the desired tempera- 
ture. Water at 75 degrees Fahr. has been used for the standard pro 
cedure though tests have been made with water at other temperatures 
By means of a water pump operated by a %4-horsepower electric mo 
tor, water is pumped from the bottom of the tank through a standpip« 
which releases just below the specimen. The height of the water 
column emerging from the pipe is regulated to 214 
needle valve. A cut-off valve is used for turning the water 0! 
immediately after the specimen is placed on the fixture. It has been 
found that the water in the tank increased about 1 degree Fahr. as 
a result of cooling one test bar. 

This test has been applied to a number of standard steels and 
the hardness data so obtained used to plot curves, plotting the hard- 
ness against the distance from the water-cooled end. Figs. 4, 5, and ® 
are presented to show the general trend in hardness obtained with 
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this test on three steels. Fig. 4 presents the data for S.A.E. 1120 
steel, a shallow hardening steel; Fig. 5 for S.A.E. 3115 steel, an 
‘ntermediate steel; and Fig. 6 for S.A.E. 4315 steel, a deep harden- 
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Fig. 4—Vickers Brinell Hardness of Carburized S.A.E. 1120 Steel. 

















ing steel. On steels S.A.E 4315 and. 3115 hardness measurements 
were made at the surface, at 0.015 inch below the surface, at 0.026 
On the 


inch below the surface and at 0.035 inch below the surface. 
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Fig. 5—Vickers Brinell Hardness of Carburized S.A.E. 3115 Steel. 





S-A.E. 1120 steel, measurements were made only at the surface and 
at 0.015 inch below the surface. 
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As may be seen from these curves, the surface hardness j: 
usually lower than the points immediately below the surface. 
especially in the hard section of the bar. The highest hardness seems 
to be at 0.026 inch, though this is not true in all cases. Fig. 5 shows 
the drop in hardness below 600 Brinell occurring at 3% inch from 
the water-cooled end at a depth of 0.015 inch. At 0.026 inch the 
drop occurs at 43 inch and at 0.035 inch below the surface it occurs 
at % inch. This difference in hardness characteristics is probably 
due to the carbon content at the various points. The hardness 
increases with the carbon content to a certain concentration of car- 
bon and then seems to fall off rather rapidly with increasing carbo: 
content. For the S.A.E. 3115 steel this seems to be true only when 
the rate of cooling is fairly rapid. With slower cooling, such a: 
occurs 1 inch from the end and beyond, the relationship does not 
seem to hold. 
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Fig. 6—Vickers Brinell Hardness of Carburized S.A.E. 4315 Steel. 





With the S.A.E. 4315 steel, as may be seen from Fig. 6, there !s 
no drop in hardness below 600 Brinell at 0.015 inch below the sur- 
face over the entire length of the bar. In all cases the surface hard 
ness is definitely softer than the other readings and the difference i 
rate of cooling at any given distance from the water-cooled en‘ 
between points on the surface and those under the surface—at least 
to a depth of 0.035 inch under the surface—must be very small. W' 
know that the rate of cooling changes enormously from the water 
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cooled end to the adapter end, but the relative hardness with this stee! 
remains about the same. This points to carbon concentration as an 
important factor in the hardness characteristics of the steel. 

Hardness relationships such as these have been determined for 
a number of steels and the results so obtained are summarized in 
Table I. The distance from the water-cooled end over which the 
hardness is 600 Vickers Brinell or above at 0.015 inch below the 
surface is considered, for the purpose of this paper, the hardenability 
characteristic of the steel. If a Vickers machine is not available 
Rockwell C hardness can be used. In this case a hardness of Rock- 
well C 60 may be used in place of 600 Vickers Brinell. Although 
the hardness conversion tables give C 54 Rockwell as corresponding 
to 600 Vickers Brinell, on the majority of our samples the C 60 
Rockwell seems to correspond to 600 Vickers. This is perhaps 
because in general the hardness increases as we go below the surface, 
considering only a shallow range and since the Rockwell reading is 
considerably deeper than the Vickers (using the 10 kilogram load) 
the Rockwell shows higher hardness than the Vickers. 

If we compare fine-grained steels only, it is apparent that the 
S.A.E. 3315, the S.A.E. 4315 and the S.A.E. 4815 are the deepest 
hardening steels and the S.A.E. 3115 and S.A.E. 5115 the shallow- 
est of the alloy steels. No doubt possible compositions of these steels 
within the specification limits will give somewhat different results 
as will also a change in grain size. In fact, tests on steel from othe: 
sources have given for S.A.E. 5115 steel hardness as deep as 1! 
inches. However, this steel had a grain size of 4-5. It will be noted 
also that the plain carbon steels even though comparatively coarse- 
grained are shallow hardening. ‘The effect of grain size is shown 
quite clearly in the S.A.E. X-1314 steels listed in the table. The 
composition of these steels is nearly the same but the grain size 
differs sharply. As will be observed, the medium grain steel hardens 
to a distance 5 times as far from the water-cooled face as the fine- 
grained steel. This latter steel had given trouble in hardening in pro- 
duction use in that the surface hardness of the part fabricated from 
this steel was not up to specification after standard heat treatment 
was applied. 

The last column in this table shows the rate of cooling at 1000 
degrees Fahr. necessary to produce a hardness of 600 Vickers 
3rinell on the various steels. This was obtained by finding the rate 
of cooling at various points along the bar and observing the rate at 
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the location given for each steel in the previous column in the table. 

To determine the accuracy of this test, 7 test bars were machined 
from a bar of S.A.E. 4615 steel. One each of these bars was car- 
burized and tested each time a group of steels was tested. On each 
of these 7 bars the same result was obtained. With this particular 
steel a hardness of 600 Brinell was obtained over the entire bar. This 
shows the test is quite easily reproduced and accurate. 

To find the rate of cooling at different locations on the bar, a fine 
wire thermocouple was welded onto the surface of the bar at various 
distances from the water-cooled end and the bar cooled in the fixture 
in the regular manner. By means of a Leeds and Northrup Speedo- 
max recorder a curve of the cooling rate was obtained. The bars 
used for this series of tests were made of S.A.E. 4620 steel and 
were carburized 8 hours at 1700 degrees Fahr. and quenched in oil 
from the carburizing box. The thermocouple wires were then elec- 
trically welded in the desired position, welding each wire on the bar 
separately so that the two wires were about ;; inch apart but at 


the same distance from the water-cooled end. The bar was then 





Table Il 
Cooling Rate at Various Distances from Water-Cooled End 
Cooled from 1700 Degrees Fahr. 


Distance Rates of Cooling Time in Time in Seconds 
from Water- -— Degrees Fahr. Per Second— Seconds to Cool to Cool from 
Cooled End at 1300 at 1000 to 900 1100 to 900 

Inches Degrees Fahr. Degrees Fahr. Degrees Fahr. Degrees Fahr. 

420 420 2 0.44 
93 42 12 4.9 

61 24 24 8 

25 12.5 42 16 

12.5 8.1 660 24 

7 5 123 40 

4.5 a7 220 76 











placed vertically in an electric furnace at 1700 degrees Fahr. on a 
small graphite disk so that the water-cooled face was thereby pre- 
vented from scaling, held in the furnace for 30 minutes and the bar 
removed from the furnace and cooled in the regular fixture. A 
series of cooling curves were obtained which are summarized in 
Table II. In order to get a fair picture of the rate of cooling at the 
points along the bar, it was thought desirable to record the rate of 
cooling as the point passed 1300 degrees Fahr. and again as it passed 
1000 degrees Fahr. A further item of interest is the time required 
to cool to 900 degrees Fahr. This is past the 1000 degrees Fahr. 





















































































































































584 TRANSACTIONS OF THE A. S. M. Tae 


temperature at which, according to Davenport and Bain,* transforma 
tion to pearlite occurs very quickly in plain carbon steel. 

Davenport and Bain, observing the rate of transformation from 
austenite to pearlite or martensite at the various temperatures from 
the critical range to room temperature, found that of all temperatures 
at which pearlite is formed the transformation occurred in the short- 
est time at around 1000 degrees Fahr. For a number of plain car- 


Cooling Rate, F. per Sec. 


= 
U 


4 4 : 4 !5 2 ‘ 
Distance from Water Cooled End, Inches 


___Fig. 7—Rate of Cooling at 1000 Degrees Fahr. of Test Piece Cooled from 
1700 Degrees Fahr. on Fixture. 


bon steels they found that the transformation from austenite to 
coarse pearlite begins in less than one second’s time at 1000 degrees 
Fahr. , Once the temperature drops below 900 degrees Fahr. the 
time for this transformation to occur becomes much longer so that 
if the cooling rate between 1100 and 900 degrees Fahr. is fast enough 
to prevent the decomposition of austenite, it will, in general, be fast 
enough to cool the steel to around 300 degrees Fahr. without any 
transformation. Transformation at 300 degrees Fahr. and below 
produces a preponderance of martensite so that if transformation is 
delayed till 300 degrees Fahr. is reached, a hard steel results. If 
the time to cool from 1100 to 900 degrees Fahr. is less than 


“Transactions, American Institute of Mining and Metallurgical Engineers, Vol. 90, 
1930, p. 117. 
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that at which transformation occurs at any temperature in this range, 
transformation will be avoided. In view of the importance of the 
time elapsed during cooling between 1100 and 900 degrees Fahr., 
this time is recorded also in Table II. 

3y observing the farthest point from the water-cooled end on 
the test bar at which a hardness of 600 Vickers Brinell is obtained, 
as shown in Table I, it is possible by comparing with Table II to 
find the cooling rate necessary to harden the particular steel in ques- 
tion. The minimum cooling rates to obtain a hardness of 600 Vick- 
ers Brinell or C 60 Rockwell is indicated in Fig. 7. The minimum 
cooling rate to harden $.A.E. 1020 steel is not shown on this curve 
as it is well off the scale. The three steels, S.A.E. 2315, 4815 and 
3315, will harden with a minimum cooling rate of 2.7 degrees per 
second or perhaps less. It must be remembered that this rate is only 
satisfactory when the steel is cooled direct from the carburizing box 
at 1700 degrees Fahr. 
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_ Fig. 8—Time to Cool from 1100 to 900 Degrees Fahr. Cooling from 1700 
Jegrees Fahr. 


Another point to bear in mind is that the cooling rate from ;% 
inch and beyond changes only from about 12.5 degrees per second 
to <./ degrees per second at 1000 degrees Fahr. There is less change 
irom ;'¢ to 2,% inches along the bar in cooling rate than from 3%; to 
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zs inch. This is rather fortunate since most plain carbon steels 
which are not oil hardening will not harden as far as 3%, inch and 
most alloy steels which are oil hardening will harden ™% inch or 
farther. The smaller difference in cooling rate farther along the bar 
gives a more sensitive distinction between alloy steels. 

Fig. 8 presents the relationship between the time to cool from 
1100 to 900 degrees Fahr. and the distance from the water-cooled 
end. This is practically a straight line relationship except within 
about % inch from the water-cooled end. The various steels are 
placed on this curve to indicate the time necessary to cool them from 
1100 to 900 degrees Fahr. to obtain a hardness of 600 Vickers 
Brinell. 

Steels which harden all the way across the bar like S.A.E. 4815 
and S.A.E. 2315 require some other means to determine their relative 
































































Table Ill 
Hardness Characteristics of Steels Hardened from 1425 Degrees Fahr. 
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hardness characteristics. To determine this a test has been developed 
which involves a double quench using the same test bar as already 
described. The treatment for this test consists in carburizing 8 hours 
at 1700 degrees Fahr. and quenching in oil followed by heating to 
1425 degrees Fahr. and cooling on the fixture shown in Fig. 3 
When hardened from 1425 degrees Fahr. rather than 1700 degrees 
Fahr. the grain size is so small that much shallower hardening 1 


























the result. Higher surface hardness is developed at the water-coole¢ 





end of the bar when this procedure is followed than when the bar is 
quenched from 1700 degrees Fahr. Since much shallower hardness 
is obtained by the lower hardening heat, an easy means of evaluating 
the deep hardening steels is provided. This treatment can also bt 
used on the shallow hardening steels. 


























A nun 
in Table II 


carbon ste 


Distance 
from Wate 
Cooled En 


Inches 


4 Net od 


4 


Ny 
4 
VA 


2/ 


% 


1 
1 


whereas S 
4815 steel 


procedure. 


[ 
| 
% 
ww 
o - ) 
D 
S 40 
9 
| 
> | 
4 
F 
A de 


along the’ 
been reco: 





HARDENABILITY TEST FOR STEELS 587 
A number of steels have been tested in this way and are listed 
| in Table III. It will be apparent from the table that ordinary plain 


carbon steel hardens only 1/64 inch from the water-cooled end 


Table IV 
Cooling Rate at Various Distances from Water-Cooled End 
Cooled from 1425 Degrees Fahr. 





Distance Time in Time in Seconds 
from Water- --Rates of Cooling °F. Per Second— Seconds to Cool to Cool from 
Cooled End at 1250 at 1000 to 900 1100 to 900 

Inches Degrees Fahr. Degrees Fahr. Degrees Fahr. Degrees Fahr. 
ys 700 700 255 0.22 
% 450 400 9 0.49 
+, 100 53 7 3.8 
4 75 35 8.7 5.3 
i, 21 14 25 12.8 
% 14 9 44 20 
1 8.7 6.8 66 30 
li’ 5 4.6 102 42 
2! 2.3 2.8 175 7 


whereas S.A.E. 4815 hardens 1 inch from this end. The S.A.E. 
4815 steel is the deepest hardening of any steels tested by this 


procedure. 
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Fig. 9—Rate of Cooling of Test Bars at 1000 Degrees Fahr. 


4 . . - . . . 

A determination was made of the cooling rate at various points 
along the bar when quenched from 1425 degrees Fahr. The rate has 
been recorded, as the temperature of 1250 degrees Fahr. is passed, 
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again as it passes through 1000 degrees Fahr. and the time in seconds 
for the point to reach 900 degrees Fahr. and the time to cool from 
1100 to 900 degrees Fahr. has been noted. The information 0 
obtained has been listed in Table IV. The plain test bar using the 
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Fig. 10—Rate of Cooling at 1000 Degrees Fahr. of Test Bar Cooled from 
1425 Degrees Fahr. in Fixture. 
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fixture shown in Fig. 3 was used in the rate of cooling determina- 
tions listed in Table IV whereas the cupped end bar was used in the 
determinations listed in Table II. In spite of these differences, 
ralues for corresponding points in Tables II and IV are not too far 
apart. The largest differences occur when the speeds are highest. 
Here the added metal in the cupped end bar would be expected to 
slow down the rate of cooling for this bar and cause the rather large 
difference at this point. The rates of cooling at 1000 degrees Fahr. 
have been plotted against the distance along the bar for both the 
flat faced and cupped end bars in Fig. 9. 

The rates of cooling at 1000 degrees Fahr. when cooling from 
1425 degrees Fahr. have been plotted against the distance from the 
water-cooled end in Fig. 10. The positions of various steels have 
been indicated on this curve. It will be observed that the two steels, 
S.A.E. 2315 and 4815, which had a hardenability characteristic of 
more than 2% inches when cooled from 1700 degrees Fahr., show 4 
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hardenability characteristic of 34 and 1 inch respectively when 
cooled from 1425 degrees Fahr. 

As previously stated, the time to cool from 1100 to 900 degrees 
Fahr. is in general the critical cooling period of the cooling cycle. 
If the time is plotted against the distance from the water-cooled end, 
practically a straight line is obtained, except in the immediate vicinity 
of the water-cooled end. Fig. 11 shows this relationship for the 
test bar cooled from 1425 degrees Fahr. The cooling rates of the 
various steels tested are indicated on the curve. 


MICROSTRUCTURE 


Examination of the microstructure of these steels reveals the 
reason they are softer at the surface than below when cooled from 
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Fig. 11—Time to Cool from 1100 to 900 Degrees Fahr. Cooling from 1425 
Degrees Fahr. 


1700 degrees Fahr. A high percentage of austenite is formed at the 
surface whereas at 0.015 inch below the surface less austenite and 
more martensite is formed. Twelve photomicrographs have been 
taken of steel S.A.E. 4815. Six of these were taken on a test sample 
cooled on the fixture from 1700 degrees Fahr. after carburizing 8 
hours; and six were taken on a test sample cut from the same bar 
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as the former but quenched in oil after carburizing 8 hours at 170) 
degrees Fahr., then reheated at 1425 degrees Fahr. for a total time 
in the furnace of 30 minutes and cooled on the fixture. The micro. 
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800 : that the su 
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Fig. 12—Hardness on Test Bar of S.A.E. 4815 Steel at the Surface and 
on the Core. 
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sections were cut 4 inch from the water-cooled end and % inch 
from the opposite end for both bars and are taken at the surface, 
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at 0.015 inch below the surface and at 0.125 inch below the surface, than at the 
which is the core. These are shown in Figs. 16 to 27. It will 
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Figs. 12 and 13 show the hardness relationships for this steel. 
Fig. 12 shows the surface hardness when cooled on the fixture from 
1700 degrees Fahr. after carburizing 8 hours and also when reheated 
to 1425 degrees Fahr. and cooled on the fixture. It will be observed 
that the surface hardness as quenched from 1700 degrees Fahr. is 
below 600 Vickers Brinell across the entire bar and does not vary 
sreatly from 500 Brinell. The surface hardness of the bar cooled 
from 1425 degrees Fahr. is well above 600 Brinell at the water-cooled 
end and drops well below at the opposite end. The core hardness of 
the two bars is nearly identical. 

Fig. 13 shows the hardness at 0.015 inch below the surface. At 
this depth the bar cooled from 1700 degrees Fahr. is above 600 
Vickers Brinell all the way across, whereas the bar cooled from 1425 
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Fig. 14—Time to Cool from 1100 to 900 Degrees Fahr. Test Bar Cooled 
m 1700 Degrees Fahr. 


degrees Fahr., though higher in hardness at the water-cooled end, 
drops below at the other end. At this end (opposite from water- 
cooled end) the hardness is greater at 0.015 inch below the surface 
than at the surface as shown in Fig. 12. 

It will be observed that at the surface of the bar quenched from 
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1700 degrees Fahr., the microstructure shows much austenite both 
at the water-cooled and opposite ends though the rate of cooling a 
the water-cooled end (at 1000 degrees Fahr.) was about 36 degrees 
per second whereas at the opposite end it was about 2.7 degrees per 
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Fig. 15—Rate of Cooling at 1300 Degrees Fahr. Sample Cooled from 1700 
Degrees Fahr. 


second. At 0.015 inch below the surface much more martensite is 
present. The microstructure of the core shows considerable differ- 
ence across the bar, the ferrite being quite well precipitated at th 
slow cooling end. 

The bar quenched from 1425 degrees Fahr. shows very littl 
austenite at the surface at either end. In this case, however, th 
hardness is well over 600 Vickers Brinell at the water-cooled en¢ 
both at the surface and at 0.015 inch below so that the microstructur 
is not very different. At the opposite end the bar is soft (38 
3rinell) at the surface and 487 Brinell at 0.015 inch below the sur- 
face. A structure with fine spheroidal pearlite is seen at the surface 
but at 0.015 inch below, the appearance is not different from that 
at the water-cooled end. It is interesting to note that the micro- 
structure of the core of the bar quenched from 1425 degrees Falir. 
is quite similar to that quenched from 1700 degrees Fahr. The 
large difference in microstructure at the surface of the two bars 
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ne 
th ‘s we believe, due to the difference in the condition of the carbides 
at of the two steels at the time the quick cooling is begun. In the case 
€5 of the bar cooled from 1700 degrees Fahr., the carbides are all in 
eT 

rm PF f ry, ; Fe 

th eg * & 

; ' i » rt - . , — 

f Spike 

he 
re 
9 
oe Fig. 16—S.A.E. 4815 Steel Carburized 8 Hours at 1700 Degrees 
‘o Fahr., Cooled on Fixture. Surface at % Inch from Water-Cooled End. 
i Etched in Nital. x 500. 
= Fig. 17—Same Location as Fig. 16 Except at 0.015 Inch Below 
Ct the Surface. x 500. 
at Fig. 18—Same Location as Fig. 16 Except at 0.125 Inch Below 
- the Surface. (Core) X 500. 
‘0O- 
a. solution at the time quenching is begun and a higher carbon austenite 
he is present during the critical cooling period since there is not suff- 


cient time for the carbides to come out of solution as they would with 
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slower cooling. Upon reheating to 1425 degrees Fahr. these carbides 
come out of solution so that at the beginning of the quick cooling 
a lower carbon austenite is present. In addition, the austenite has , 
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Fig. 19—S.A.E. 4815 Steel Carburized 8 Hours at 1700 Degrees 
Fahr. and Cooled on Fixture. Surface at 2% Inches from Water-Cooled ; | 
End. x 500. Fahr. 

Fig. 20—Same Location as Fig. 19 Except at 0.015 Inch Below the Coole 
Surface. XX 500. I 

Fig. 21—Same Location as Fig. 19 Except 0.125 Inch Below the the § 
Surface (Core). X 500. 
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smaller grain size which in itself requires a faster critical cooling rate. cool from’2 
To gain a better idea of the practical value of this test, Fig. 14 the bar wh 

. . . > - to ™ 
has been prepared. On this curve is plotted the time in seconds t compared sg 
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the bar where these are located. 
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cool from 1100 to 900 degrees Fahr. at various points along the bar. 
On this same curve there are located the size of sections which when 
quenched in oil from 1605 degrees Fahr. require the same period to 
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Fig. 22—S.A.E. 4815 Steel Carburized 8 Hours at 1700 Degrees 
Fahr. and Quenched in Oil. Reheated to 1425 Degrees Fahr. and 
Cooled on Fixture. Surface at % Inch from Water-Cooled End. 

Fig. 23—Same Location as Fig. 22 Except at 0.015 Inch Below 
the Surface. xX 1000. 

Fig. 24—Same Location as Fig. 22 Except at 0.125 Inch Below 
the Surface. x 500. 





cool from 1100 to 900 degrees Fahr. at the surface as the place on 
Strictly speaking, these cannot be 
compared since the sections were cooled from 1605 degrees Fahr. 
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and the bar from 1700 degrees Fahr. but the difference in cooling 
rate between these temperatures is so small that we believe the 













Fig. 25—S.A.E. 4815 Steel Carburized 8 Hours at 1700 Degrees 
Fahr. and Quenched in Oil. Reheated to 1425 Degrees Fahr. and Cooled 
on Fixture. Surface at 2% Inches from Water-Cooled End. x 1000. 
oe 26—Same Location as Fig. 25 Except 0.015 Inch Below the 
Surface 
Fig. 27—Same Location as Fig. 25 Except 0.125 Inch Below the 
Surface. (Core) X 500. 


inaccuracy is not much. 
work of French.* 


From the curve it will be observed that the surface of a round 


*H. J. French, 
right 1930. 


The cooling rates were taken from the 
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; inch in diameter and 2 inches long, when quenched in oil from 
2 Fan 


bar } 

1605 degrees Fahr., will cool from 1100 to 900 degrees Fahr. in 
about the same time as the point on the test bar % inch from the 
water-cooled end. A steel such as fine-grained S.A.E. 1020 steel 
which hardens only to a distance of 7g inch would not harden in the 
section of a round bar 4 inch in diameter when quenched in oil 
from the carburizing box at 1700 degrees Fahr. A steel, however, 
like the coarse-grained S.A.E. 1120 (see Table I) which hardened 
to a distance of ;*, inch would harden in this section. 

It is evident from the curve that a fine-grained S.A.E. 3115 or 
S.A.E. 5115 would not harden to Rockwell C 60 if used for a 434- 
inch round sphere when carburized at 1700 degrees Fahr. and 
quenched in oil. A coarse-grained S.A.E. 2315 or a fine-grained 
S.A.E. 4815 would give a hardness of C 60 or over in this section. 
it would, however, be desired to grind after quenching to remove 
the outer austenitic layer. 





Hardenability Characteristics of Fine-Grained S.A.E. 4620 Steel 





Distance from 
Water-Cooled End 
Chemical Composition Where Hardness 
—_—_—_—_—_—_———Per Cent— -——- McQuaid-Ehn is 600 Brinell 
Mn P S Si Ni Mo Grain Size or Higher, In. 
0.42 0.021 0.019 80 0.26 7-8 % 
0.57 0.014 0.017 75 0.23 2% 
0.42 0.023 0.020 .76 i 
0.41 0.021 0.018 a5 , ] 
0.58 0.016 0.017 74 6 
0.60 0.015 0.022 .74 ; 6 
0.59 0.016 0.022 74 6 
0.50 0.015 0.019 73 7 
0.57 0.016 0.017 .74 
0.54 0.016 0.021 .74 
0.52 0.025 0.014 
0.60 0.025 0.017 


OX 
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The cooling rate at the base and middle of a Chevrolet rear axle 
pinion gear tooth was determined at the surface of the tooth. The 
gear was carburized 8 hours at 1700 degrees Fahr. and quenched 
in oil. The thermocouple was then attached and the pinion heated to 
\700 degrees Fahr., allowing a total time of 30 minutes in the furnace, 
ind quenched in oil. The cooling curve showed that this point cooled 
‘rom 1100 to 900 degrees Fahr. in 3.8 seconds. From Fig. 8 it will 
be observed that this corresponds to a little under ;‘; inch on the 
est bar. To obtain a hardness of C 60 Rockwell or over on this 
star tooth it will be necessary to use a steel with a hardenability 
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characteristic of 3%; inch or preferably more to be safe. From 
Table I it will be observed that a number of steels could be used fo; 
this part having only hardenability in mind. If the steel chosen has 
a tendency to form austenite at the surface it would be desirable to 
minimize this by controlling the carbon content at the surface using 
one of the various methods available. It is reported that slow cool- 
ing to about 1550 degrees Fahr. before quenching in oil gives some 
improvement in surface hardness. If it were desired to quench this 
part from the box and reheat to 1425 degrees Fahr. and quench, then 
the results listed in Table III must be consulted. In this case, as 
may be observed, fine-grained S.A.E. 4615, 4815 or coarse-grained 
S.A.E. 2315 could be used but several of the steels such as S.AF. 
5115 or 6115 could not be used here. Of course, higher temperatures 
of reheating, such as 1475 or 1500 degrees Fahr., would permit the 
use of a number of steels which could not be used with a 1425 degree 
Fahr. reheating temperature. In case of reheating to 1425 degrees 
Fahr. the surface hardness is usually sufficiently high. In nearly all 
instances, however, a higher cooling velocity is required to give high 
surface hardness than that at 0.015 inch below the surface. 

Fig. 15 has been prepared to give an idea of the rate of cooling 
along the test bar at 1300 degrees Fahr. and a number of sections 
whose rate was determined by French at 1330 degrees Fahr. having 
corresponding cooling rates as located on the curve. From this curv 
it will be noted that a steel which will harden to a distance of ; 
inch from the water-cooled end will harden to the center of a 1% 
inch round bar when oil-quenched from a similar treatment. 

To give some idea of the variation in hardenability that may 
be expected in production steels of the same composition, Table 
V is presented giving the composition and grain size of twelve heats 
of fine-grained S.A.E. 4615 steel. As may be observed from this 
table, variations of hardness characteristics of 14 to 2% inches hav 
been obtained, the average falling in somewhere between 7 and 
114 inches. These steels we believe represent about what is obtained 
in hardenability characteristics for S.A.E. 4615 steel when pur 
chased fine-grained, and leaves much to be desired in control of this 
property. A study of these steels to determine the reason for the 
difference in hardness characteristics would seem worth while since 


in general this is a very important property of steel and the Mc- 
Quaid-Ehn specification is made usually in the hope of obtaining 
control of this property. A direct measure of the hardenability of 
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steel in addition to the McQuaid-Ehn test, we believe, would be 
desirable for steel purchased for the more important parts. The 
test we have used has proven useful for carburizing steels and we 
believe might be applied to other steels as well. It has the advan- 
tage that it is unnecessary to section the part or to make a number 
of parts of different sized sections from the steel and harden each 
part and section each of these. Also, if it is desired to know whether 
a steel is satisfactory in a large part, like a 4-inch round bar, it is 
possible to find this with a bar of the steel 1-inch round. 

As stated at the outset, this test bar has been quite helpful to 
us in evaluating new steels. It has also been suggested for use in 
testing steels for production use, but up to the present it has been 
used only when difficulty was encountered with production steels. 


DISCUSSION 








Written Discussion: By C. F. Smart, Pontiac Motor 


Div., General Motors Corp., Pontiac, Mich. 


metallurgist, 


In this very interesting paper the authors present results, based on tests on 
carburizing steels, which indicate that they have developed an excellent test for 
determining hardening properties. Their test procedure appears as well adapted 
to medium carbon steels as to the carburizing steels, and indeed it has already 
been put to practical use on a production problem of this nature. 

The authors deal with the properties of the carburized layer only. Since 
he core properties are likewise important, it is suggested that tests at some 
depth representative of core composition would add to the value of the in- 
formation for carburizing steels. 

The relative data on the behavior of some fine-grained and coarse-grained 
carburizing steels, as described on page 582, emphasizes a point that has 
seemed illogical in the recent wave of enthusiasm for fine-grained steels, i.e., 
the specification of fine-grained shallow hardening steels along with increased 
arbon and alloy contents to get greater hardenability from these steels. 

On page 583 it is stated that the accuracy of the test was indicated 

seven samples from a bar of S.A.E. 4615 steel, which were treated at 
different times, and gave 600 Brinell over the entire length of the test speci- 
mens. This shows consistent results for this class of hardenability, but it would 
be desirable to have similar checks made on steels which did not harden for the 
lull length of the specimen. 


1 
} 


lf Table V is to be taken as a criterion of the variation in hardenability 
t fine-grained steels of a given analysis, then it is quite evident that fine grain 
size alone cannot be depended on as a control means. It would be interesting 
to have some discussion of this table by the steel suppliers. 

Undoubtedly the authors appreciate the meagerness of their data and 
recognize the great amount of work necessary to establish such a test as a 
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control means which would meet with the approval of both steel supplier ang 
steel user. 

Written Discussion: By L. A. Danse, metallurgist, Cadillac Moto; 
Car Division, General Motors Corp., Detroit. 

In view of the apparent characteristics of the testing method described 
the authors are to be complimented for devising a yardstick with which ¢ 
measure the McQuaid-Ehn test. 

The McQuaid-Ehn test opened up a vast field of development and improye- 
ment where formerly was only groping doubt. 






























































etc., or deep hardening characteristics, as the grain size is fine or coarse; ther 








is left rather a basis for argument than a means of settling the difficulty, wit! 
the heretofore utilized technique of the McQuaid-Ehn test. 














For instance, a shipment of rear axle pinions would come in classified | 








the supplier as No. 8 grain size. The laboratory would make the customar, 








per inch), abnormal to what we considered an extreme degree. The suppl 





would be notified and then would be started an endless round of calls from th 








suppliers’ metallurgists, who would argue that the material was No. 8 “becaus: 

everything finer than 48 was No. 8”! And that the stock was “not so badl; 

abnormal and anyway X4620-A is O.K. with real abnormal structure”! 
After several weeks of wrangling and jangling, a test lot would be forge 























up and run through the plant and would be found to require special handlin: 
in heat treating to get it properly hard. Then the contention would be advanc: 











“lookit—it hardens, doesn’t it?” and we would be no nearer a solution ot t! 








trouble than ever. 








Finally, in desperation, the suppliers were advised to work to 5-7 instea 





of 6-8, in order to keep away from what was patently No. 9, very abnorm 





and difficult to harden. 








Then the opposite grief started: Shipments started coming in 4-5 








another argument commenced. 








A wave of relief was felt when Messrs. Jominy and Boegehold gave th 





first report of progress on the hardenability testing project, to the Metallurgica 
Subcommittee of General Motors Corporation. The whole committee was im 








mediately interested in the possibilities and asked for additional informatio! 





This ‘was promptly furnished and resulted in the present paper now under 





discussion. 
When this last report was rendered, Cadillac Motor Car Division To 











Engineering undertook to design a fixture for handling the quenching operatic! 








with speed and sureness. This device is now available to industry. 











results in the laboratory) was slow and expensive to produce, making it que 
tionable for a production test in the factory. 
Inasmuch as the chief value of this hardenability test is its availability 4 


utility as a practical shop production test, the test piece and the di 


























foolproof. 








However, after crediting the ability to determine toughness, impact strength, 


McQuaid-Ehn test and find the grain size to be No. 9 (finer than 192 grains 


The cylindrical test piece, 1 inch diameter by 234 inches long, is quickly ane 
cheaply made; whereas the original skirted piece (while it gave excellent te! 


vice I0! 


performing the quenching operation had to be made simple, inexpensive 4” 
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The 
out, holding fixture and other accessories all self-contained, except for a 


quenching device comprises a tank, mounted on casters, with pump, 


thermometer. 

The operation of the device is easy, rapid and not likely to be fumbled. 
The test piece is lifted by either tongs or a forked rod and rested on the 
fxture, the fixture closed and the cooling followed to note when the test piece 
‘< cool to the fingers, when the fixture is opened and the test piece removed. 

In the development of the method Mr. Jominy has noted cooling times 
varying from 10 minutes to 20 minutes, approximately. This is due to differ- 
ences in critical cooling rates, heat conductivity of the steel and associated 
microstructural variations. Therefore the caution to quench until the test 
piece is cool to the finger’s touch. 

The first motion of closing the device brings the upper cone down into con- 
tact with the lifting adapter on top of the test piece. As the handle swings 
further in its stroke, the water is turned on; and if desired to check cooling 
times an electric stop watch is started (although this latter is not a part of 

device, only the switch button bracket being incorporated in order to 
facilitate installation and use of an electric stop watch). 

The opening motion of the handle first shuts off the water and then raises 
the upper cone, leaving the test piece free to be removed. 

To make operation easy and fast, the lower cone is so arranged with a 
steady rest behind the test piece, that the test piece can be quickly laid on the 

wer cone and leaned back against the steady rest. Then the handle is pulled, 
gripping the specimen with the upper cone and operating the quenching device. 

Preliminary production testing has shown that the method will eliminate 

uncertainty which has previously attended use of the McQuaid-Ehn test, 
ven when the latest grain size eyepieces and other equipment is available. 

Written Discussion: By L. L. Ferrall, metallurgist, The Timken Roller 
bearing Company, Steel and Tube Division, Canton, Ohio. 

The study of hardenability of steels and hardenability tests has become a 
rather important part of the metallurgy of steel in the last few years. The 
various tests which have been devised have found quite general use in evaluating 

steels to which they are adapted. The new test developed by the authors 

somewhat different in that it deals with properties of cases on carburized 
test specimens rather than the more commonly used core properties. The data 
presented are extremely interesting and no doubt will open the way for further 
thought and study on the general subject of hardenability. 

lt has been recognized for some time that the McQuaid-Ehn test, although 
serving a very useful purpose, does not portray the hardenability characteristics 
| steels sufficiently well to meet the present demands of the metallurgist. This 
is especially true with alloy steels. For this reason we are all interested in tests 
which are simple to manipulate and which will enable us to more accurately 
evaluate the properties of different steels as well as different heats of the same 


[he data which deal with the relationship of the cooling rates of the 


l-inch test specimens to those of other sizes and shapes are quite timely since 
¢ selection of a steel for certain sizes of carburized articles generally resolves 
itself int 


a case of cut and try. It would seem of practical value to test some 
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of the more common carburizing steels in the sections suggested by the cooling 
rate curves to endeavor to confirm the indications of the l-inch test specimen; 
In this connection it might be well to point out however that the selection oj 
carburizing steels for different sections has almost universally been based o 
core properties. Consideration is then given to developing the required hard. 
ness and structural characteristics of the case by the carburizing and subsequen 
heat treating operations. 

The data tabulated in Table V, relating to test results on a number o 
heats of steel of the same S.A.E. specification, would seem to be particular) 
important to those associated with steel making. The twelve heats tested are a! 
within the chemical limitations of S.A.E. 4620 steel. 

We might expect variation in the core properties of these heats of stee! 
because of the differences in chemistry; however, the vast difference in the 
reactions of the cases brought out by the hardenability tests would not | 
anticipated. These results naturally bring forth the question as to whether tly: 
results can be explained by further study of the heats or whether the present 
test is measuring some characteristic in the steel which is not shown by t! 
more commonly used tests. 

It was the writer’s pleasure to have the opportunity to furnish steels A to_ 
inclusive, for these tests. Each letter designates a heat of steel and the differ 
heats were selected because they represented different methods of manufactur 
and different melting practices. With the permission of the authors son 
available information on the heats will be presented for consideration. T! 
ten heats in question consist of seven electric furnace heats and three ope 
hearth heats. In the group of electric heats there are four heats produced 1 
25-ton furnaces, namely, A, B, C, D, and three heats H, I and J which we 
produced in a 75-ton furnace. 

A survey of the furnace records of these heats shows that A, B, C 
were produced with the same melting practice particularly with respect 
deoxidation and grain size control. Similarly E, F, and G, although made | 
open-hearth furnaces, were likewise all made with the same procedure. Int! 
case of the other three heats, namely, H, I and J, we find I and J were pr 
duced by the same practice but H was deoxidized somewhat differently. 

When this information is considered in conjunction with the hardenabilit 
results in Table V it will be observed that there is good agreement of results 
between heats A, C, D which were melted alike but that B which was melte 
the same way has reacted much differently. This heat, incidentally, is « 
siderably higher in manganese and silicon than the other three. The three ope! 
hearth heats—E, F and G—with practically equal chemistry, the same grain 
size and the same melting practice show the hardened distances to be %, 1) 
and 1% inches. The available information does not suggest a reason for this 
discrepancy. In the third group of heats—H, I, J—we would expect H to! 
different from I and J and we find that it is; however, the expected agreeme" 
between I and J is shown by hardened distances of % and 1% inches, respec 
tively. We naturally wonder how much difference is actually indicated | 
these values. | 

A further consideration of these heats from the standpoint of abnormallt) 
might be worth while, even’ though the measurement of this characteristic 1 
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aot very well standardized and can only be considered relatively. Abnormality 
checks conducted in our laboratory on these heats show them to be rated as 


follows : 


et ee Oe BD in tere’ .. Abnormal 
ere ere .Fairly abnormal 
Us ae ow uo eae oe Abnormal 


The main difference being that the three open-hearth heats are not quite 
.s abnormal as the electric heats. It would seem impractical to endeavor to 
associate degrees of abnormality in the three groups of heats with the differ- 
nce observed in the hardenability tests. 

A summary of this information does not permit of any very specific con- 
ysions. However, it does suggest that further work should be done before 
an endeavor is made to use the test commercially. 

It would seem advisable to determine whether it is possible to select or 
manufacture a number of heats of steel of the same specification which will 
react uniformly when subjected to the test. If this can be done it then would 
show that the test is measuring a characteristic of the steel which is probably 

ntrollable. This, incidentally, is the determining factor in the value of any 


+ 









\ study of the effect of changing the carburizing procedure involving 
heavier and lighter cases or different carbon concentrations would no doubt be 


Oral Discussion 


R. S. Arcner:” The authors are to be complimented on a very fine paper. 
is unnecessary to express my own interest in it because we were simul+ 


ously doing work with the same objective, that is, the objective of mak- 



















ng hardenability testing more quantitative. The paper representing that 
vork was presented October 19. Our objectives were slightly different in this 
spect, that we were concentrating attention on medium carbon steel of the 


iter hardening type principally, whereas the present authors started out 


vorking on carburizing grades. Just as they have later extended their 
method to the medium carbon steels, we have also recently started to see 
what the other method can do on the carburizing grades. 

This method on which we worked consisted of quenching a 1l-inch diame- 
ter round all over instead of on the end, and then sectioning the piece in the 
enter and obtaining the hardness throughout the section. 

In our paper it was shown that the maximum attainable hardness on quench- 
ng is determined by carbon content, the alloying elements merely lowering the 
titical cooling rate necessary to attain that maximum hardness. 

All of the steels here tested when quenched in the form of 1-inch diameter 
rounds attained a surface hardness almost exactly on that curve. The S.A.E. 
1020 steel is quite shallow hardening, the hardness dropping to some 14 
Rockwell in the center, and at the other extreme the S.A.E. 4820 steel which 
hardened practically straight across. This order of rating is at least approxi- 
he same as the order obtained in the tests reported by Mr. Jominy 


urgist, Republic Steel Corp., Chicago. 


604 TRANSACTIONS OF THE A. S. M. June 
and Mr. Boegehold. A slight discrepancy appears in S.A.E. 3120 and 442 
steels. We obtained a little higher hardenability in the S.A.E. 3120 than th 
S.A.E. 4620 steels, and their results were the opposite. However, this 
probably depends a great deal on the analysis of the particular heats. 

Mr. Jominy very properly brought out the fact that the carbon conte, 
of the core has a considerable effect on the hardening characteristics of 
uncarburized piece. None of these pieces, of course, was carburized. \, 
have attempted to take that factor at least partly into consideration by another 
method of expressing the results. 

We consider that for any one of these steels, for example the S.A] 
1020, having a surface hardness of 44 Rockwell, the maximum area under 
the hardenability curve that would be possible would be 44 units, for a 1-in¢ 
diameter bar. If the curve ran straight across from 44 to 44 Rockwell, we 
would have 44 Rockwell inches as a total possible area. If we take th 
actual area which in that case was 22.4 Rockwell-inches and divide it by th 
total possible area, we obtain a ratio of 51 per cent. In other words, th 
actual area under the curve is 51 per cent of the area possible for that par- 
ticular carbon content, which was only 0.16. 

In the 0.21 carbon steels, S.A.E. 4820 and S.A.E. 4620, we find surfa 
hardness values around 49. Therefore, the maximum possible area wou 
be 49 instead of 44, and we would take the actual area and divide it by t! 
total possible area. That, to some extent at least, discounts the variations i 
the carbon content of the core. 

Figures for typical ratios are: 51 per cent for the S.A.E. 1020, 80 per 
cent for S.A.E. 4620, 84 per cent for S.A.E. 3120 and 98 per cent for S.AE 
4820. 

We have only begun to apply this particular method practically, a 
these results are offered here merely by way of suggestion. We have cer- 
tainly done far too little work to indicate how useful or otherwise thi 
method may be for the carburizing grades. 

It seems to me that the methods developed by Boegehold and Jomi 
have some very fine advantages. It seems also that there are certain inheret! 
advantages in the other method, and there may be still other methods 
testing not yet described that may have advantages over either. There seen 
to be a definite need for some quantitative method of testing for hardenabili' 
and expressing the results, and I believe that we can obtain a great deal 
benefit from this type of work. 

H. W. McQuaip:” This test which has been discussed by Mr. Jominy ' 
this paper is something for which I have been waiting for a good many years 
One of the most interesting things in the whole paper is the last table wil 
a check of 12 heats of S.A.E. 4620 steels of approximately the same grail 
size, where they found a variation in hardenability measured by their tests 
of, I think, from ™% inch to 2% inches on the surface. In other words, th! 
test is certainly much more sensitive as a measure of hardenability than th 
grain size is. 


I had the opportunity to recheck some of these heats and found that w! 


22Metallurgist, Republic Steel Corporation, Cleveland. 
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the grain size is relatively constant, regardless of the results obtained by the 
quenching tests, there was a direct relation between the carbide coalescence, 
or abnormality if you wish, and the results which they obtained. It is not 
as sensitive as 1 would like to see it, but the deepest hardening steels which 
hardened to 600 Brinell, 2% inches from the water, were the most normal, 
and those which were shallow hardened were relatively abnormal. The test 
is apparently more sensitive than the usual normality studies or the usual 
crain size studies. 

If these results are as they seem, it indicates that the grain size itself 
is of a minor factor in the hardenability of carburized steels and that the 
most important factor is the condition of the carbon in the austenite at the 
time it is quenched. I am pleased to see this test come along. I believe it 
has tremendous possibilities. It seems to be at the present time the only 
sensible way to separate the fine differences in surface hardenability in differ- 
ent types of steel. 


Authors’ Reply 


The authors appreciate the interest of those who have discussed this paper. 
As Mr. Smart points out this test can be used on steels other than carburizing 
grade and when it is so used the steels are not carburized. The test then con- 
sists of heating the test sample to the temperature which will be used in harden- 
ing the particular steel, cooling the test sample on the fixture and measuring 
the hardness along the bar beginning at the water-cooled end. 

Since writing this paper we have made a large number of tests on medium 
carbon steels of both the plain and alloy types and have obtained some very 
interesting information. We are correlating this information with our previous 
data on hardenability and comparing these with results in the heat treating 
perations in production and the history of parts in actual service. This work, 
f course, involves an enormous amount of testing and it will be some time 
before it can be completed. 

Mr. Smart’s suggestion that we make some checks of the accuracy of our 
est on the more shallow hardening steels is well taken. A number of such 
tests have been made. In the carburizing tests our checks have usually been 
within = ss inch on the shallow hardening steels and within + ys inch on the 
leep hardening steels. On the medium carbon steels using the cupped test 
bar the hardness values have usually been within one point Rockwell C of the 

rresponding readings of check tests, with an occasional result two points 
Rockwell C away. 

We appreciate the kind remarks of Mr. Danse. The test equipment which 
he describes has just recently been received in our laboratory. Inasmuch as 
a number of these equipments have been purchased by other automobile and 
steel company laboratories more data on this test should soon be available. 

Mr. Ferrall’s remarks are very interesting, particularly regarding the 10 
steels listed in Table V which he was good enough to furnish us. We are 
pleased to have the additional information about these steels recorded here. 
the difficulty of interpreting tests for abnormality as brought out by Mr. 
Danse is indicated by comparing the discussion of Mr. McQuaid with that of 
Mr. Ferrall. Mr. McQuaid checked samples of the bars listed in Table V and 
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reports the deepest hardening steels to be the most normal whereas Mr. Ferrall 
reports the deepest hardening steels, Steel B and H, as abnormal. He rates 
steels E, F and G, the shallower hardening steels, as fairly abnormal. ]f 
seems to be commonly agreed that some of the factors affecting the harden. 
ability of steel are still unknown so that specifications including the contro} 
of hardenability characteristics must be sufficiently broad to permit some 
variation due to these unknown factors. 

Mr. Ferrall’s statement that “it might be well to point out, however, that 
the selection of carburizing steels for different sections has almost universally 
been based on core properties” is not in agreement with our experience. In our 


experience the properties which can be obtained in the case of a carburizing 


steel are more important in determining its suitability for a given part than 
the properties of the core. The recognition of the importance of the properties 
of the case dictated the development of a test which would measure the harden- 
ability of the case as well as that of the core. 

Mr. Archer’s remarks are valued by the authors especially because he has 
been carrying on work with the identical objective as our own. The test 
developed by Mr. Archer and his colleagues we think is very satisfactory for 
the rather shallow hardening steels. Using the work of French on cooling 
speeds as a guide, it appears to us that the steels covered by Archer’s test 
would be in the range of 0 to % inch according to our rating. Steels having 
a deeper hardening characteristic by our test than ™% inch are too deep harden- 
ing to be rated by Archer’s test. His comparison of the core hardnesses of 
several of the common steels reported in our Table I is interesting. We believe, 
however, that the hardenability properties of the case of carburized steel are 
not well predicted by testing the core. For instance, using S.A.E. 4815 steel, 
the hardenability properties of the core are shown to be practically identical 
whether the steel is quenched directly from the carburizing box or quenched 
from the box and requenched from 1425 degrees Fahr. This may be seen by 
reference to Fig. 12. However, carburizing this steel produces a decided 
change in its hardenability. Figs. 12 and 13 illustrating this change show that 
there is a very large difference with these two treatments in the behavior of the 
case both at the surface and at 0.015 inch below the surface. We think then 
that it is a safe procedure to carburize before testing if we are interested in the 
hardenability characteristics of the case. The hardenability characteristics of 
the core may be obtained on the same test piece by sectioning and measuring 
the hardness on the sectioned face from the water-cooled end to the opposite end. 





